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Abstract 
The increasing interest in non-fossil fuel based electricity generation has caused a prominent boost for 
the renewable energy sector, especially the field of Photovoltaics (PV) with one of the main reasons 
being the decrease in cost of PV electricity generation.  However, over the last few years a saturation 
in the efficiency of solar cells have been reached leading into a renewed search for other means to 
further reduce the cost of electricity generation from photovoltaic sources.  One of the technologies 
that has attracted a lot of attention is low concentration photovoltaics (LCPV).  LCPV investigates an 
alternative strategy to replace costly semiconductor material with relatively cheap optical materials by 
developing a Low Concentration Photovoltaic (LCPV) module.  A LCPV module is divided into three 
subsystems, namely, the optical, electrical and thermal subsystem.  This study focussed on the design, 
construction and characterisation of an optical subsystem accompanied by a thorough investigation 
into the design of an electrical subsystem.  A facetted parabolic concentrator using a vertical receiver 
was modelled and a first prototype was constructed having a geometric concentration factor of 6.00 X.  
Upon electrical characterisation of this first vertical receiver LCPV prototype a concentration of only 
4.53 X (receiver 1) and 4.71 X (receiver 2) was obtained.  The first vertical receiver LCPV prototype 
did not reach the expected concentration factor due to optical losses and misalignment of optical 
elements.  The illumination profile obtained from the reflector element was investigated and an 
undesirable non-uniform illumination profile was discovered.  A second vertical receiver LCPV 
prototype was constructed in an attempt to improve on the first prototype, this second vertical receiver 
prototype had a geometrical concentration factor of 5.80 X.  The results indicated a much improved 
illumination profile, yet still containing a number of non-uniformities.  The second vertical receiver 
LCPV module yielded an operational concentration factor of 5.34 X.  From the preliminary results 
obtained it was discovered that under concentrated illumination there was a limitation on the 
maximum power that could be obtained from the receiver.  Upon further investigation it was 
discovered that this limitation was due to the higher current levels under concentrated illumination 
accompanied by a high series resistance of the receiver.  This lead to the construction of new PV 
receivers, where this limitation could be minimised.  3 cell, 4 cell, 6 cell and 8 cell string 
configurations were constructed and used for the electrical characterisation of the prototypes.  Due to 
non-uniformity of the illumination profile obtained from the second LCPV prototype a third vertical 
receiver LCPV prototype was constructed.  This vertical receiver design illustrated more uniformity in 
the obtained illumination distribution and had a geometrical concentration factor of 4.61 X, although 
under operation only 4.26 X could be obtained.  It is important to note that the geometric 
concentration factor does not account for reflective losses of the reflective material.  One of the main 
reasons for the difficulty in obtaining a uniform illumination profile with the vertical receiver design 
vi 
 
is that the facetted reflector element is far away from the PV receiver.  This enhances the effect of the 
slightest misalignment of any of the optical elements. This large distance also increases the effect of 
lensing from each facet.  These factors lead to the consideration of a second design, which would 
counteract these factors.  A horizontal receiver LCPV module design implementing a facetted 
parabolic reflector was considered to counteract these effects.  From a mathematical model a 
horizontal receiver LCPV prototype was constructed having a geometrical concentration factor 5.3 X.  
The optical characterisation of the illumination profile showed a much improved illumination profile, 
which was much more uniform than the previous illumination profiles obtained from the other LCPV 
prototypes.  The uniformity of the illumination profile could be seen in results obtained from the 
electrical characterisation where the concentrator reached operational concentration factor of 5.01 X. 
The reliability of the third vertical receiver LCPV prototype and the horizontal receiver LCPV 
prototype as well as the receivers were investigated by placing each receiver under stressed 
operational conditions for 60 sun hours.  I-V characteristics were obtained after every five sun hours 
to investigate any signs of degradation.  After 60 sun hours none of the receiver displayed any signs of 
degradation or reduction in electrical performance.    
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Chapter 1 
Introduction to Concentrator Photovoltaics 
In recent times Concentrator Photovoltaics (CPV) has become one of the technologies that has 
attracted a renewed interest due to the increased search for the use of non-fossil fuel based sources of 
energy to mitigate environmentally damaging effects of using fossil fuel for electricity production.  
CPV modules are a cost effective alternative to flat-plate photovoltaic (PV) modules since they 
concentrate sunlight onto small efficient solar cells. 
In low concentration photovoltaics (LCPV), conventional solar cells are subjected to higher irradiance 
levels.  The electrical output, and hence efficiency of a LCPV module is dependent on irradiance, heat 
dissipation and more importantly the uniformity of illumination across the solar cells.  A situation 
where the abovementioned factors are not optimised can lead to rapid degradation of the receiver 
materials and a reduction in performance of the LCPV module.  This chapter introduces the history of 
CPV as well as the basic concepts of this technology.  In addition a brief summary of previous 
research on LCPV that led to the origin of this study is also given. 
1.1 Benefits of CPV 
LCPV investigates an alternative strategy to replace costly semiconductor material with relatively 
cheap optical materials by developing a Low Concentration Photovoltaic (LCPV) module [1].  The 
concept of CPV was first introduced in the 1970’s [2], and extensive research went into this 
technology to reduce the cost of generating electricity from PV.  Some of the problems for CPV at 
that time were that the technology was not up to the standard that was required for long term 
implementation into the energy sector, as well as the lack of tracking systems available at the time.  
The prospects of CPV were always present, one of these being the reduction in cost of generated 
electricity.  This reduction would originate from reducing expensive conventional solar cell area and 
19 
 
replacing it with inexpensive optical elements such as mirrors and lenses that concentrate incident 
irradiance onto the reduced receiver area. 
CPV has become the much-needed breakthrough in recent times, due to the saturation of efficiencies 
reached in solar cells, enabling the solar energy industry to become more competitive in the market of 
power generation [3][4].  CPV technologies have become a prominent aspect of the PV market on 
utility scale yielding competitive results, however, on small scale CPV still fails to compete with flat 
plate PV.  CPV systems are mostly defined as high concentration photovoltaic (HCPV) systems or 
low concentration photovoltaic (LCPV) systems.  A CPV system is classified to be either an HCPV 
system or LCPV system by means of its concentration ratio.  HCPV systems are designed with 
concentration factors of X > 100, where LCPV systems are designed having concentration factors in 
the range of 2 ≤ X ≤ 10.  There are many differences between the two technologies, these are 
discussed in chapter 2.  However, in this study an emphasis was placed on LCPV technologies. 
1.2 LCPV 
The first concept of an LCPV system introduced was the V-trough concentrator which made use of 
reflectors on both sides of a PV module to increase the amount of irradiance incident on the module.   
Since these early simplistic studies many other forms of LCPV systems have been introduced over the 
years, from V-trough [5][6], parabolic, hyperbolic [7][8], right through to three dimensional reflectors 
[9][10].  Although very different in their designs, the principle behind the designs remained similar. 
When designing an LCPV system 3 individual subsystems need to be designed, it is important to note 
that these 3 subsystems need to be designed in such a way that optimal operation is ensured leading to 
maximum performance of the final LCPV system.  These 3 subsystems are: 
 Optical 
 Electrical 
 Thermal 
The optical subsystem consists of a reflector element that will increase the irradiance on the PV 
receiver of the LCPV system.  It is very important that this optical subsystem is designed that it 
creates a uniform illumination across the PV receiver area that maximum electrical performance is 
guaranteed.  The increased illumination on the PV receiver will result in the receiver reaching higher 
temperatures under operational conditions, which is not ideal for the electrical performance of the PV 
receiver.  A thermal subsystem needs to be employed to maximise dissipation of heat and most LCPV 
systems use heatsinks to improve the regulation of temperature of the receiver.  Finally, the electrical 
subsystem results in being the most important subsystem as it must yield maximum performance for 
the LCPV system to operate optimally.  Figure 1.1 illustrates the concept of the 3 individual 
subsystems and how they interlink to form the final system. 
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1.3  Previous research 
Previous research done at the Centre for Energy Research (CER) led to the development of a V-
trough concentrator (geometric concentration factor of 3 X) [5][6].  This V-trough concentrator is 
shown in figure 1.2.  Typical current-voltage (I-V) characteristics obtained from the V-trough 
concentrator on a clear day are shown in figure 1.3 and the important parameters listed in table 1.1.  
The reference curve is taken at one-sun and data corrected to standard testing conditions (STC), which 
implies 1000 W/m
2 and 2  C.   
 
Figure 1.2: V-trough concentrator having geometrical concentration ratio of 3 X. 
Optical subsystem Electrical subsystem Thermal subsystem 
Final LCPV 
system 
Figure 1.1: Illustration of the various subsystems in an LCPV system. 
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Table 1.1: Electrical parameters obtained from I-V characteristics. 
 
X = 1 X = 3 
Isc 0.16 A 0.39 A 
Voc 8.27 V 8.77 V 
Imp 0.12 A 0.30 A 
Vmp 5.93 V 6.53 V 
Pmax 0.71 W 1.98 W 
Temp 2  C  2  C  
 
From the data an increase on short-circuit current of 2.43 X was observed from the one-sun data 
where the receiver produced 0.16 A to under concentrated illumination where the receiver produced 
0.39 A.  An increase of 2.78 X was observed on the maximum power obtained from the receiver, 
increasing from 0.71 W under one-sun conditions to 1.98 W under concentrated illumination.  The 
increase obtained on maximum power from the receiver is higher than that obtained on short-circuit 
current, this is due to the increase of the voltage at maximum power point combined with the increase 
of short-circuit current at the maximum power point.  The effectiveness of the V-trough concentrator 
is illustrated from these results, but one aspect of this design that was found to be a major drawback.  
An increase in the concentration of the system leads to a large increase in the physical size of the 
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Figure 1.3: I-V characteristics obtained from V-trough concentrator 
(Data normalized to STC). 
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system.  Although the principles of solar concentrators are understood fairly well, many practical 
design, operation and control issues require research and understanding [11].  The purpose of the 
present study was to investigate LCPV system designs that would eradicate this problem as well as 
yield higher concentrations than the V-trough concentrator. 
This study is a continuation of a previous study [5], which focussed on the design and characterisation 
of a V-trough concentrator (3 X).  The aim of this study was to identify, build and characterise a new 
optical reflector subsystem to improve on the V-trough concentrator design. An additional objective 
was to increase the concentration ratio of the LCPV system while still maintaining an optimal 
performance. 
Chapter 2 discusses the relevant theory on concentrating sunlight.  A brief history on CPV technology 
is given that acts as a background into the CPV.  Also discussed in chapter 2 are the terminology of 
concentrating sunlight, the challenges of concentrating sunlight, various optical elements that are used 
in concentrating sunlight and the importance of a uniform illumination profile. 
In chapter 3 the important factors that need to be taken into consideration when designing an optical 
subsystem are discussed.  Two optical subsystem designs are discussed along with a list of the 
prototypes that were constructed during this study. 
Chapter 4 discusses the design of an electrical subsystem for LCPV application.  The chapter starts 
with a discussion into the properties of semiconductors that are relevant to photovoltaic application.  
The performance parameters involved with the analysis of solar cells are also highlighted in this 
chapter as well as the effect of concentrated illumination on these parameters.  The construction of 
electrical receivers that were used for the characterisation of the LCPV prototypes are also discussed 
in this chapter. 
Chapter 5 contains all the results obtained from the optical and electrical characterisation of the 
constructed LCPV prototypes.  The chapter ends with a long term evaluation of the prototypes to 
investigate the reliability of constructed optical and electrical subsystems.  
A summary and conclusion of the conducted study can be found in chapter 6.  As a final conclusion to 
the dissertation future research topics are listed to act as an expansion and continuation on the current 
research.    
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Chapter 2 
Concentration of Sunlight 
The main purpose of a photovoltaic concentrator is to use optics to focus incident sunlight onto a 
small PV receiver; thus the cell area used in the system can be reduced by the concentration ratio.  
Simultaneously with the increase in concentration ratio, the light intensity upon the PV receiver 
increases with the same ratio.  Before designing an optical subsystem for a CPV system it is important 
to understand the fundamentals of concentrating sunlight as the illumination profile of concentrated 
sunlight created by the reflector in the system, as this will have an important influence in the 
performance of the electrical subsystem and final yield of the CPV system.  This chapter discusses the 
general aspects of concentrating sunlight, as well as the consequences that can arise from a badly 
designed optical subsystem. 
2.1 History of Concentrator Photovoltaics (CPV) 
The purpose for concentrating sunlight is to reduce the cost of energy that is produced from the PV 
receiver.  Reduction in cost of energy produced is the aim of most current research in the 
photovoltaics field.  The main obstacle being the upper limit reached in solar cell efficiency during the 
last decade of research.  The two different ways of viewing the problem is that (i) the solar cell is too 
expensive or (ii) the intensity of solar energy reaching the surface of the earth is too low.  It is this 
second viewpoint that leads to the concept of concentrating sunlight and development of concentrator 
systems.  Since 1970 there have been two main approaches to deal with the two abovementioned 
arguments: 
i) Research in thin films and inexpensive means of growing silicon to try and reduce the 
cost of a solar cell. 
ii) Concentration of sunlight, with the main aim being to produce energy more cheaply 
through an increase in intensity of energy incident upon the solar cell.  
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The idea is based on the fact that light is collected by an optical subsystem or concentrator, 
constructed out of inexpensive material and from this concentrator light is directed onto the solar cell 
or receiver.  
PV concentrator technology started development around 1976 [12] and some of the earliest 
documented studies were completed at the National Sandia Laboratories when 1kW peak arrays were 
developed and constructed, known as Sandia I and Sandia II [13].  This early work led to the 
identification and understanding of many of the problems facing concentrator systems.  The prototype 
that was developed incorporated Fresnel lenses, two-axis tracking and concentrator silicon cells at 40 
X concentration.  This design created a significant interest in the research field of CPV systems and 
their ability to act as a solution for reducing the cost of electricity generation from PV.  CPV 
technologies were divided into two groups: viz. high concentrator photovoltaic (HCPV) systems and 
low concentrator photovoltaic (LCPV) systems. 
In HCPV technologies expensive multijunction solar cells are used as they reach higher efficiencies 
than conventional solar cells.  The central idea for multijunction solar cells is to create a solar cell that 
consists of lattice mismatched, metamorphic, subcell materials and alloys such as GaInAs.  By 
utilising the individual material bandgaps in these multijunction cells the solar spectrum is partitioned 
such that almost the whole spectrum of the solar spectrum is absorbed by the subcells.  This was 
found to be more advantageous for efficient energy conversion, with some technologies reaching solar 
cell efficiencies of more than 40 % [14].  
Although multijunction cells are more expensive than conventional silicon solar cells, in concentrator 
systems these cells become a viable option in systems reaching concentration ratios in excess of 100 
X.  HCPV technologies commonly makes use of spherical lenses as well as Fresnel lenses that focus 
incident light towards a focal point and usually incorporate secondary reflectors as well.  Figure 2.1 
illustrates a common HCPV design utilising a Fresnel lens as optical concentrator of incident rays.  
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Figure 2.1: Illustration of a typical HCPV system [15].   
LCPV technologies use a much lower factor of concentration of sunlight.  The aim is to sacrifice the 
high intensity radiation and subsequent high efficiency that can be attained in HCPV to allow the use 
of conventional silicon solar cells.  By doing this it is possible to reduce the cost of electricity 
generation from photovoltaics.  Most LCPV technologies make use of optical elements such as 
reflectors rather than lenses and focus incident irradiance onto a focal line rather than a focal point.  
LCPV systems usually function in the concentration range of 2 – 10 X.  In this study LCPV 
technologies are investigated with the main focus being on the design and characterisation of the 
optical and electrical subsystem.  Figure 2.2 illustrates a typical V-trough concentrator design. 
 
Figure 2.2: Illustration of a typical V-trough LCPV system [15]. 
Fresnel lens 
Focal length 
Aperture 
Solar cell 
Solar cell 
Reflector 
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2.2 Non-imaging optics 
A non-imaging optical system is defined as a system that does not produce an image of a light source 
but instead concentrates incident radiation at a density as high as theoretically possible.  A  non-
imaging concentrator possesses the ability to concentrate low-density solar radiation and also has the 
ability, in some cases, to function without a solar-tracking mechanism.  One of the advantages in 
working with concentrators that use non-imaging optical designs is that they offer the opportunity to 
collect incident radiation that enters the system from non-direct angles (i.e. diffuse light).  Thus the 
non-imaging optical systems feature a certain angular range of incident rays that will be accepted by 
the concentrator.  
The acceptance angle for the non-imaging system can be described as all light that is incident upon 
the reflector or concentrator within that acceptance range will be reflected onto the receiver.  This in 
practical terms means that any rays incident on the reflector at angles larger than the acceptance angle 
will not be reflected onto the designated receiver area and will not contribute to the generation of 
current.  In this study the faceted parabolic trough reflector was proposed to improve on the V-trough 
concentrator, thus it is of great importance to understand the necessary optical setups of this particular 
design. [16]. 
2.3 Classification of concentration. 
In Concentrating Photovoltaics (CPV), incident sunlight is focused onto a smaller area occupied with 
solar cells using an optical reflector or diffractor.  Higher concentration systems, however, are more 
dependent on direct sunlight than diffuse light, limiting this technology to clear, sunny locations.  It 
also means that, in most instances, tracking is required.  Low concentration systems utilise a 
combination of direct and diffuse sunlight, but the dependence of direct sunlight starts to increase as 
the concentration ratio of the system increases. 
Despite having been researched since the 1970s, it has only now entered the solar electricity sector as 
a viable alternative. Being a young technology, there is no single dominant design.  
2.3.1 Concentration Factor 
The most common parameter that is used to define a solar concentrator is its concentration factor, 
abbreviated as X. Where the concentration factor, X also sometimes termed as the number of suns, is 
defined as the ratio between the mean radiant flux density on a certain receiver area Ga and the 
average normal global irradiance G [17].  X  is also sometimes referred to as the operational 
concentration factor. 
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A more practical definition of the concentration factor of a solar concentrator is known as the 
geometric concentration factor XG, which, when compared to the actual concentration factor X, gives 
an impression of the optical performance of the concentrator.  This ratio, XG, is the ratio between the 
optical aperture area AC and the active receiver area AR, which is the solar cell. 
   
  
  
 
This geometrical concentration factor is illustrated in figure 2.3, where the optical aperture area and 
active receiver area are defined for a parabolic trough reflector. 
 
 Figure 2.3: A parabolic trough reflector illustrating geometric concentration factor [15].  
When lenses and mirrors interact with incident light some of the incident light is absorbed by the 
material during this interaction.  This absorption leads to a difference between the intensity of the 
incident light and the light leaving the material after the interaction, thus resulting in an optical 
inefficiency.  These optical inefficiencies of the optical elements will cause the operational 
concentration factor being effectively lower than the geometrical concentration factor.  
Solar concentrator modules are classed according to the concentration factor of the module, as a low, 
medium or high concentrator. Table 2.1 lists how each of these classes is defined. 
Table 2.1: Characterisation of concentrator systems [17]. 
Low 2≤ X ≤ 10 
Medium 10 < X < 100 
High X ≥ 100 
 
Active receiver area. 
Optical aperture area. 
2nd parabolic mirror 
1st parabolic mirror 
Solar cell 
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 2.3.2 Concentrator Focal Shapes 
There are currently a large number of low concentrator system designs, each design varying in cost of 
manufacturing.  The optical schemes for the most common reflective concentrating systems are 
distinguished by the following features: 
 Receiver surface facing, the direction of the incident flux or opposite to the direction of the 
incoming flux. 
 The shape of the main concentrating reflecting surface is either straight,  step-wise or second 
order curve as shown in figure 2.4. 
 Number of reflections from concentrating system elements can either be single or multiple 
reflections. 
 The geometric configuration of the top view is linear, polyhedral or circular. 
Figure 2.4 provides a summary of the popular designs and some variations found in the design aspects 
of reflective concentrating systems.  
 
 
Figure 2.4: Illustration of reflective concentrator systems [17].  
 
Linear        Polyhedral       Circular 
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Low concentration reflective systems are generally used to increase the irradiance upon the PV 
receiver.  It is, however, important that the resulting illumination profile is uniform as this will 
influence the electrical performance of the system.  In view of this fact planar reflecting surfaces 
should create the most uniform illumination profile due to the use of straight facets with minimal non-
uniformities on the surface of the reflectors. 
2.4 Issues in Concentrator Optics 
There are many difficulties when designing and constructing a concentrator system, one of these is 
manufacturing.  The optical concentrator must be able to withstand at least 20 years of outdoor 
weathering.  It must also be able to be cleaned with relative ease in order to remove elements such as 
dust and grime.   Despite this fact it still has to meet cost targets and has to maintain a relatively good 
optical performance. 
When working with reflective surfaces as main concentrator, the most common material used is back-
surface-silvered, low-iron glass.  The glass is very durable which acts as a protecting surface for 
protecting the silver surface from corrosion and damage.  This has been implemented and proven in 
large solar thermal plants [18].  Another reflector material that has been incorporated into CPV 
systems is anodized aluminium sheets, which has lower reflectance than silvered glass while its 
weatherability is still questionable.  When using anodized aluminium as reflective material it is best to 
place the CPV system in an enclosure. 
When working with CPV systems that incorporate refractive optics the most common material used is 
a polymethylmethacrylate (PMMA) Fresnel lens.  When these lenses are combined with UV 
stabilisers, PMMA has been noted to show good weatherability [19].  One of the main problems 
associated with Fresnel lenses is that the maximum operational concentration ratio is limited due to 
chromatic aberration by the lens itself [20]. 
2.5 Solar Irradiance 
The solar irradiance on the Earth’s outer atmosphere is constant and differs from the irradiance on the 
Earth’s surface, due to the following factors: 
 Absorption and scattering, known as atmospheric effects. 
 Variations present in atmosphere such as pollutions, clouds and water vapour. 
 Latitude of the specific location. 
 The time during the day and season of the year. 
The factors mentioned above each have a specific effect on the solar radiation incident on the surface 
of the Earth.  The standard spectrum for space applications is referred to as AM0 and the integrated 
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power if 1366.1 W/m
2 
[21].  For terrestrial use there are two defined standards, AM1.5 global 
spectrum which is mostly used with flat plate modules and has an integrated power of 1000 W/m
2
 and 
AM1.5 Direct spectrum defined for solar concentrator which has an integrated power of 900 W/m
2 
[21].  Figure 2.5 illustrates the three spectra and the differences between them as well as the spectral 
response of silicon. 
 
Figure 2.5: Standard solar spectra for space and terrestrial use, including spectral response of silicon. 
(Data obtained from reference [21]) 
 
2.5.1 Spectral Response 
The spectral response of a solar cell SR(λ) is an examination of how photons with different 
wavelengths contribute to the short-circuit current.  The spectral response is defined as the short-
circuit current ISC(λ) generated from a particular wavelength of light normalized to the maximum 
possible current.  The external spectral response will thus be given by [21]: 
      
      
      
 
In terms of external spectral response the short-circuit current can be given by: 
     ∫               
Where f(λ) is the incident spectrum of light upon the solar cell.  The internal spectral response 
indicates which sources of recombination within the cell are affecting cell performance.  The spectral 
response of a typical silicon solar cell is shown in Figure 2.5, indicating the wavelength range         
400 nm – 1200 nm, in which silicon cells function. It should be noted that the spectral response of 
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silicon corresponds well with the wavelength of irradiance received on the Earth’s surface thus 
making it an appropriate material to be used as solar receiver. 
 
2.5.2 Tracking 
Due to the nature of concentrating optics of maximising the incident irradiance that is collected 
tracking is required.  Linear focussing trough concentrators can in some cases get away with only one 
axis tracking, but mostly require two axis tracking. 
 Two axis tracking leads to an increase of approximately 30 % in electrical performance of the solar 
cells or modules [22].  On a typical clear day at the Outdoor Research Facility (ORF), situated in Port 
Elizabeth, an experiment was conducted to compare the daily fixed tilt plane of array (POA) 
irradiance received to the daily direct normal irradiance (DNI).  The POA and DNI irradiance profiles 
throughout the day (1 October 2012) are shown in figure 2.6.   
 
Figure 2.6: Irradiance profiles for the direct tracked and POA on a clear day (1 October 2012). 
 
The blue line represents the tracked direct irradiance, which is utilised by CPV systems and the red 
line represents the POA irradiance profile over the day.  The solar energy available on the POA 
during the day was calculated to be 7.43 kWh, while the tracked DNI yielded 10.04 kWh. An increase 
of 26 % in potential energy yield throughout the day. The results illustrates that CPV systems would 
benefit from tracking due to the exposure to a larger amount of solar energy resource. 
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2.6 Optical Elements 
As mentioned earlier, the optical subsystem of a CPV system incorporates geometrical optics to 
concentrate irradiance onto the PV receiver.  This section discusses the different optical elements used 
in CPV technology as well as the optical principles that are incorporated. 
2.6.1 Reflective Systems 
In low concentrator systems, when working with concentration factors in the range of 2 – 10 X, 
reflectors are used to reflect the incident irradiance onto a PV receiver.  As the concentration factor 
increases the use of reflection optical subsystems become impractical due to the physical size of the 
required reflecting surface to obtain these high concentration ratios. 
These reflective optical subsystems make use of the law of reflection and geometrical optics [23].  In 
this study an LCPV system was designed with a concentration ratio in the range of 5 X, it was thus 
practical to make use of reflective surfaces as optical element to reflect sunlight onto a PV receiver. 
2.6.2 Refractive Systems 
Fresnel lenses are the most common optical subsystems in HCPV systems due to its high optical 
efficiency and ability to focus incident light onto a point, thus making the use of small solar cells 
practically possible.  Figure 2.7 illustrates a typical Fresnel lens and how incident rays are 
concentrated onto a point. 
 
Figure 2.7: A typical Fresnel lens. 
2.6.3 Reflective Materials Considered for Project 
The aim of this study was to improve on the V-trough concentrator, designed from previous research 
done at the Centre for Energy Research (CER), which used reflectors to act as optical subsystem for 
the concentrator system [5].  Before designs and construction of prototypes could commence for 
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testing, various reflective materials were evaluated.  The three materials were reflective Aluminium 
cladding material, Alanod Standard Miro and Alanod Miro Sun. The material with the highest 
reflectivity in the 400nm to 1200nm wavelength range which corresponds to the spectral response of 
silicon, was selected as reflector material.  An experiment was conducted using a spectrometer to 
measure the reflectance of each of these reflective materials over the corresponding wavelength 
region of the spectral response of silicon. 
2.6.3.1 Methodology 
The spectral loss from the reflective material was determined by measuring the incident solar 
spectrum from the sun and reflected solar spectrum for each of the different materials using a BWtek 
spectrometer [24] that utilises a solid state detector.   
2.6.3.2 Results 
This experiment was conducted on a clear day when the POA irradiance was constant (approximately 
900 W/m
2
).  All three materials were tested. Figures 2.8, 2.9 and 2.10 show the incident solar spectra 
and reflected solar spectra for the Aluminium cladding, Standard Miro and Miro Sun, respectively.  
The material yielding the highest reflectivity across the spectra; wavelength would act as the best 
reflective material. Table 2.2 lists the total loss due to varying reflectivity of the different materials in 
the 400nm to 1200nm wavelength range.   The average reflectance of each of the materials was 
calculated across the wavelength corresponding  to the spectral response of silicon. These experiments 
were conducted on a clear day when irradiance was constant. 
 
 
Figure 2.8: Reflectance of Aluminium cladding material. 
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Figure 2.9: Reflectance of Alanod Standard Miro material. 
   
 
 
 
 
Figure 2.10: Reflectance of Alanod Miro Sun material.  
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Table 2.2: Optical losses of solar irradiance due to interaction with reflective material. 
Material % loss 
Alanod Miro Sun 5 % 
Alanod Standard Miro 8 % 
Aluminium Cladding 12 % 
 
From table 2.2 it is clear that the Alanod Miro Sun material is more suitable for application in CPV 
modules because of the lower spectral loss in the spectral range of the Si solar cells to be used.  
  
2.7 Illumination distribution 
When designing an optical subsystem of a LCPV module, the assumption is made that a perfectly 
uniform illumination profile will be generated on the PV receiver area by the optical reflector.  This 
is, however, hardly ever the case and a real optical concentrator does not produce a uniform 
illumination profile across the PV receiver.  Consequently the concentration factor is the average of 
the illumination intensity across the PV receiver [12].  Knowing the illumination profile that is 
obtained from the optical concentrator is essential in designing the PV receiver. 
Non-uniform illumination is a critical factor in CPV technology due to the high levels of irradiance 
incident on the PV receiver, and offers two major drawbacks which reduce the performance of CPV 
systems [25].  These drawbacks in the performance of the receiver are mainly caused due to localised 
heating effects, as well as cell mismatch.  The non-uniform illumination profile across the PV receiver 
generates a temperature gradient across the PV receiver due to some areas having higher illumination 
intensity.  The temperature gradient that is produced is two-dimensional due to the incident non-
uniform light producing a horizontal distribution of temperature.  This temperature gradient leads to 
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an effective decrease in the bandgap of the semiconductor which will decrease the open-circuit 
voltage of the PV receiver and lead to loss of power. 
Most PV receivers are constructed out of solar cells connected in series or in parallel with one 
another.  Cell mismatch occurs in series when one cell in the string operates at a lower or higher short 
circuit current than the other cells in the series connected string.  This will lead to a lowering of the 
short circuit current of the string to the short-circuit current of the lowest contributing cell and thus 
reducing the power obtained from the string [26][27].  In practical terms, assuming that all solar cells 
in a series connected string are identical, cell mismatch occurs in CPV systems due to solar cells 
receiving different amounts of irradiance.  This difference in irradiance received by each cell leads to 
different short-circuit currents being produced by each of the solar cells in the string. In a series 
connected string illumination uniformity across the width of the receiver is not that important as long 
as each cell of the string receives the same amount of irradiance.  However, illumination uniformity 
across the length of the string is important and any non-uniformity will lead to cell mismatch and a 
reduction in power.  In PV receivers consisting of multiple series connected strings connected in 
parallel the illumination uniformity along the width of the receiver becomes important and will 
influence the current generation of each solar cell within the strings. 
When working with reflective optical subsystems the reflective surfaces are usually seen as perfect 
surfaces without any defects.  However, non-uniform illumination can occur due to misalignment of 
optical components and lensing effects of reflectors.   Each of these has their own characteristic effect 
on the illumination profile across the PV receiver area.  
A perfect alignment of optical elements in a LCPV system implies that reflective facets reflect 
incident light onto a corresponding area, which would create a uniform illumination profile.  An 
example of a perfect optical alignment of reflective facets in an optical subsystem can be seen in 
figure 2.11 which illustrates the concept by simulating an optical subsystem consisting of two 
reflectors which are aligned.   
 
 
 
 
 
 
Illumination from first facet 
Illumination from second facet 
Figure 2.11: Schematic illustrating the illumination 
obtained from a perfectly aligned optical subsystem. 
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In figure 2.11 the blue rectangle represents the illumination reflected off the first facet and the red 
dotted rectangle represents the illumination reflected off the second facet, these two facets need to 
reflect the incident irradiance to the same area to be perfectly aligned and provide maximum electrical 
performance of the solar cell.  In LCPV systems, using reflective optical subsystems, misalignment 
may occur in the form of facetted reflectors not reflecting light to a similar area.  Misalignment of 
optical components can lead to waste of incident irradiance, thus irradiance not falling on the PV 
receiver area. Figure 2.12 illustrates an optical subsystem using two reflective facets that are 
misaligned. 
 
 
 
 
 
 
 
 
 
In figure 2.12 the blue rectangle illustrates the illumination reflected from the first reflector facet and 
the red rectangle the illumination reflected from the second reflector face.  The misalignment results 
in the two illumination bands not lying on top of one another which will lead to wastage of incident 
irradiance.  This misalignment of optical reflectors will lead to a narrow high intensity peak being 
generated in the area where the two illuminations overlap with one another with adjacent lower 
intensity bands being found on either side of the high intensity band.  A typical illumination profile 
that will be generated from an alignment such as in figure 2.12 can be seen in figure 2.13. 
Illumination from first facet 
Illumination from second facet 
Figure 2.12: Schematic illustrating the illumination 
obtained from an optical subsystem containing 
misalignment of reflective facets. 
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Figure 2.13: Illumination profile obtained from two misaligned reflective facets. 
 
Characteristic identifying factors of misalignment of optical components can be seen in the 
illumination profile as a narrow high intensity peak with steps in the illumination profile being evident 
across the width of the profile.  A typical illustration of a cross section of an illumination profile 
across the receiver width containing more than two purposely misaligned optical elements is 
illustrated in figure 2.14.  
 
 
Figure 2.14: Cross section of an illumination profile illustrating misalignment of optical components. 
 
0.5
0.7
0.9
1.1
1.3
1.5
1.7
1.9
2.1
0 2 4 6 8
In
te
n
si
ty
 (
ar
b
it
ra
ry
 u
n
it
s)
 
Receiver width (cm) 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 1 2 3 4 5 6 7 8
In
te
n
si
ty
 (
a.
u
.)
 
Receiver width (cm) 
39 
 
The second factor that may contribute to non-uniform illumination is lensing.  Lensing occurs as a 
result of non-uniformities in the flatness of the reflector.  Any physical bending may lead to a facet 
becoming either convex or concave reflector, thus altering the profile of the illumination reflected off 
these facets or part of the facet.  Even minimal bending found in these facets can lead to the origin of 
non-uniform illumination profiles.  Two types of bending occur in reflector facets which create 
various lensing effects, these are convex and concave bending.  These are illustrated in figure 2.15.  
Concave lensing of a facet results in reflected light converging creating a narrower illumination band. 
Concave lensing of a facet causes the light to diverge after reflecting off the facet, which will lead to 
some of the illumination not being reflected onto the PV receiver area and thus not contributing to the 
generation of current.  It is possible to find a situation where both convex and concave lensing occurs 
on a reflector facet, causing the facet surface to take on a wave-like shape. 
 
 
 
 
 
 
 
 
 
 
  
 
Concave lensing effects are visible on an illumination profile when a high intensity illumination band 
is much smaller than the width of the facet itself.  This results from bending in the reflector facet 
causing the straight reflective facet to act as a spherical mirror, which leads to a convergence of the 
incident light rays.  Convex lensing is found when the illumination band is much wider than 
theoretically calculated width and is not always clearly visible on the illumination profile. In most 
cases lensing effects leads to a narrow high intensity band in the illumination profile with smooth 
Actual illumination width 
Modelled illumination width 
Facet under concave bending Facet under convex bending 
Actual illumination width 
Modelled illumination width 
Figure 2.15: Illustration of the effects of convex and concave bending of mirror 
facets. 
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edging off effects looking similar to a bell shape.  A typical illustration of an illumination profile with 
multiple convex lensing facets can be seen in figure 2.16. 
 
 Figure 2.16: Cross section of an illumination profile illustrating lensing effects.  
When facet lensing is coupled with misalignment, non-uniformities in the illumination profile are 
enhanced and the resultant illumination profile will illustrate characteristics of both of these negative 
factors. These non-uniformities caused by misalignment and lensing of facets will influence the 
performance of the electrical subsystem of the CPV system. 
2.8 Summary 
This chapter discussed important aspects on concentrating sunlight.  An introduction was given into 
CPV consisting of various topics, these were a brief history on CPV, the various technologies that can 
be found such as HCPV and LCPV followed by a summary of the important terminology of CPV.  
The current issues and difficulties facing CPV were also discussed illustrating the necessity for 
improvement in the technology.  Before prototype LCPV modules could be constructed various 
reflective material were tested to identify an ideal reflective material to use for the optical subsystem.  
The Alanod Miro Sun was found to display the highest reflectance across the spectrum corresponding 
with the spectral response of silicon.  The chapter ends off by illustrating the importance of a uniform 
illumination distribution across the PV receiver area.  The different types of non-uniformities and 
their origins were also discussed.  This chapter played an integral role in the chapter 3 with design of 
the optical subsystem. 
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Chapter 3 
Designing an Optical Subsystem 
The optical subsystem is an integral part of a low concentration photovoltaic system.  Various design 
considerations need to be implemented when designing an optical reflector element or solar 
concentrator to ensure that it produces the best illumination profile in the PV receiver plane.  This 
chapter discusses these considerations that need to be taken into account when designing an optical 
reflector element.  Two LCPV system designs were proposed and modelled by using computational 
models that were developed in Mathematica [28] and Optica 3 [29].  These computational models are 
also discussed in this chapter with an overview of the different prototypes that were constructed. 
3.1 Design Considerations 
The optical design of CPV systems leads to the direct radiation from the sun to be utilised.  Tracking 
systems are used in CPV technology such that the optical reflector element always tracks the sun and 
maximises the direct radiation from the sun.  Any errors in the tracking system or deviations from the 
true position of the sun can lead to a loss in the direct portion of the solar irradiance that reaches the 
PV receiver and may also influence the uniformity of the illumination profile on the PV receiver.  It is 
important to ensure that the optical design and concentration ratio is matched to the accuracy of the 
tracking system that is used when designing and implementing CPV systems.  CPV systems of higher 
concentration ratios utilise more direct irradiance than diffuse irradiance. This results in an increase in 
accuracy of the tracking system which is required by the geometrical optics of the system to obtain a 
uniform illumination profile.  Depending on the optical design and concentration ratio, tracking errors 
may result in major power losses from the PV receiver, due to the formation of non-uniform 
illumination or illumination not falling onto PV receiver. Static concentrators have also been 
researched in an effort to eliminate the cost of tracking [9]. 
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The optical subsystem of a CPV system is mostly constructed using optical elements such as 
reflectors and lenses, these elements are placed with high accuracy to obtain a uniform illumination 
profile.  The requirement of high accuracy of these elements make mechanical vibrations in the 
system non-ideal as this can have a negative effect on the illumination profile.  These vibrations can 
be caused by many factors but mostly due to windy conditions.  This makes it important to construct a 
robust enclosure or system to ensure stability of the optical elements.  
Solar cells are covered with an anti-reflective coating which ensures maximum absorption of incident 
irradiance upon the solar cell.  This anti-reflective coating however becomes less effective as the 
angle of incidence of incoming light is increased.  The optical reflector of a LCPV system needs to be 
designed in such a way that the angles of incident of incoming light impinging the receiver can be 
minimised to ensure maximum absorption and minimise reflective losses.  These incident angles can 
only be minimised in an optical concentrator consisting of an appropriate aspect ratio suitable to the 
orientation of the receiver (vertical or horizontal), where the aspect ratio of a CPV reflector is defined 
as the height to width ratio of the reflector.  CPV systems that have a low aspect ratio also tend to 
have larger acceptance angles of light.  Vertical receiver LCPV systems are found having higher 
aspect ratios, where horizontal receiver LCPV systems are found to have lower aspect ratios.  It is 
important to note that the greater the acceptance angle (defined in chapter 2) of a CPV reflector, the 
larger the portion of diffuse light that will be captured by the CPV reflector.  This larger portion of 
diffuse light that is captured by the reflector will contribute to the illumination profile across the 
receiver and increase electrical performance of the PV receiver. 
3.2 Proposed designs 
Previous research done at the Nelson Mandela Metropolitan University led to the design, construction 
and characterisation of a V-trough LCPV module, having a geometrical concentration ratio of 3 X 
[5][6].  The V-trough LCPV system can be seen in figure 3.1. 
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Figure 3.1: Photograph of V-trough LCPV module. 
Through this study the shortcomings of this design became evident.  One of these shortcomings was 
the difficulty in obtaining high concentration levels due to physical size constraints.  As facets are 
added, to increase the concentration ratio of the system, the width of each facet increases drastically 
which in effect also causes a major increase in physical height of concentrator.  The second problem 
is that with this type of concentrator the angle of incidence of light upon the cell’s surface can become 
large leading to optical losses in the optical subsystem [5].  The current study is a continuation of the 
previous research, with the aim of improving the concentrator module design, by looking at different 
designs which incorporate low aspect as well as utilising smaller angles of incidence.  
Many designs were considered and studied to obtain the most suitable design to improve on the V-
trough concentrator.  Elliptical and hyperboloid concentrators were expected to maximise the 
acceptance angle allowing maximum collection of incident light [10] [7].  Many methods that are 
used to design the geometry of non-imaging concentrators were also studied.  The most important of 
these methods are the flow-line method [8] and integral design method [30] [31].  For these designs 
the challenge proved to be the difficulty in obtaining a uniform illumination profile across the length 
and width of the receiver.  The manufacturing of these designs were also found not to be cost 
effective. A parabolic concentrator element was proposed to improve on this V-trough concentrator 
design.  Parabolic concentrators provide another challenge being that a continuous smooth bent 
reflector is required to obtain a uniform illumination distribution [5].  The linear Compound Parabolic 
Concentrator (CPC) is one of the most studied and implemented geometries for stationary, but also 
functions well under tracking [32].  The advantages for this design is that it collects almost all rays 
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that are incident within a fixed field.  Work done on parabolic trough concentrators showed that it was 
difficult to get a uniform (flat top) profile and one tends to get a double Gaussian or “camel-back” 
profile [5].  Due to the difficulty in obtaining a uniform illumination profile in such a reflector it was 
decided to build up a parabolic reflector by combining small flat facets together to take on the shape 
of a parabolic reflector.  An added benefit of a faceted reflector is the potential to obtain a uniform 
illumination profile.  Two specific parabolic reflector designs were considered one having a vertical 
PV receiver and the other having a horizontal PV receiver. 
3.2.1 Vertical Receiver LCPV Module Design 
The first design considered to improve on the V-trough concentrator system was the parabolic 
concentrator module which incorporates a vertical PV receiver as electrical subsystem.  The receiver 
was chosen to be placed vertical in the system as it was expected that this configuration would allow 
for better natural convection of heat from the PV receiver, since a passive cooling system was 
considered. 
The initial design was based on the requirement that the aspect ratio of a LCPV reflector must be low.  
The design had to satisfy a certain set of boundary conditions as listed below and illustrated in figure 
3.2.  
 Module profile must be as flat as possible – low aspect ratio.  
 Optical reflective concentrator element – facetted reflector. 
 PV receiver surface must be parallel to incident light from sun. 
 Bottom of receiver must be in line with top of reflector. 
 Beams incident on opposite ends of a facet to be reflected to the opposite ends of the receiver. 
 
  
Figure 3.2: Schematic of vertical receiver parabolic reflector design, illustrating boundary conditions. 
Reflector Width 
Reflector Height 
Receiver Width 
Incident Irradiance 
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A suitable mathematical model (Appendix A) was developed to design and evaluate various 
arrangements for the optical elements for LCPV application.   This model was based on flat facetted 
reflector elements that need to be arranged to meet the set of boundary conditions discussed above.   
Model input parameters include; total reflector width; receiver width and active area of receiver; 
receiver angle (0  in this case, i.e. parallel to incoming solar irradiance).  The model returns a full 
optical design of the concentrator i.e. geometric orientation of facets and PV receiver, as well as an 
initial calculation of theoretical geometric concentration ratio and dimensions of configuration.  It is 
important that the optical elements create a uniform illumination profile across the PV cells as any 
illumination non-uniformity will result in mismatch effects and generate temperature gradients that 
will affect the power output of the PV receiver [12].   
Output from the model, traced in Optica 3, is shown in figure 3.3.  In the figure direct irradiance from 
the sun is shown and rays illustrated are on the extremes of each facet.  The reflected rays are 
reflected to opposite ends of the reflector where the green rays indicate the top of a reflector and the 
red rays indicating the bottom of a reflector. 
As the model is two-dimensional it is assumed that the distribution will be the same across the entire 
length of the reflector.  This argument is valid due to the assumptions that the reflectors are uniform 
and flat reflective surfaces.   
 
Figure 3.3: Illustration of concentrator with ray tracing (green beams indicate top of facet, red beams 
indicate bottom of facet, traced in Optica 3). 
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In order to facilitate an appropriate design for the prototype LCPV module, the model developed from 
the pre-set conditions was applied to further investigate the appropriate number of facets and PV 
receiver width.  The model for this design was constructed in such a way that the facet contributing 
the most to the concentration is furthest away from the receiver.  The first test that was conducted 
with the model was to investigate the effects of additional facets in the system while maintaining a 
constant receiver width.   This was done by monitoring the concentration factor obtained by the 
system as individual facets are added.  The relationship between these two parameters can be seen in 
figure 3.4.   It is expected that the concentration factor should increase linearly as more individual 
facets are added to the system.  The second test was to investigate the influence of the width of the 
receiver on the concentration factor obtained by the system.  By maintaining a constant total aperture 
area (reflector area) the effects of varying the receiver width on the concentration factor could be 
observed. The results can be seen in figure 3.5. 
 
  
 
Figure 3.4: Effect of additional facets on the concentration factor obtained. 
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Figure 3.5: The effect of changing concentration on the receiver width, with a constant reflector 
width. 
It is shown in the results that the concentration increases as additional facets are added to the optical 
reflector.  The data illustrates a linear relationship between the concentration factor and the number of 
facets in the system.  This is what is expected, due to the linear increase in irradiance incident on the 
receiver with increased number of facets.  Figure 3.5 illustrates the relationship between the 
concentration factor and the receiver width.  As the receiver width decreases the concentration factor 
increases drastically, this is due to the incident light upon the reflector being reflected onto a smaller 
receiver area.  Meaning an increase in the number of facets but facets are much narrower to match the 
smaller PV receiver.   This indicates that to reach high concentration factors the system should have a 
small receiver width however this is not always practically possible.  For the purpose of this study a 
concentration ratio of the order of 5 X was proposed.  One of the reasons for this is that in LCPV 
conventional cells are utilised to act as PV receiver.  For conventional solar cells, once a 
concentration factor of 5 X is exceeded the cells are unable to mitigate the heat generated in the PV 
receiver due to the concentrated illumination.  From the above data we find that to obtain a 
concentration factor in this range a PV receiver having an approximate width of 60 mm to 80 mm was 
required.  
3.2.2 Horizontal Receiver LCPV Module Design 
A second design, using a horizontal receiver LCPV module design, was to be considered with the 
vertical receiver LCPV design to improve on the initial V-trough concentrator design.  These two 
module designs had to incorporate similar design considerations to ensure that the designs could be 
compared to one another.  Both module designs had to implement a faceted parabolic reflector as 
concentrating element in the optical subsystem.  The parabolic reflector was made of flat facets of 
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reflective material.  Both module designs were designed to ensure a low aspect ratio. A predetermined 
set of boundary conditions were created which this module design had to satisfy.  These are: 
 Module profile to have a low aspect ratio. 
 PV receiver to be positioned horizontally (face down). 
 Facetted reflector as main concentrator element. 
 Light incident on the receiver must enter as perpindicular to the receiver surface as possible . 
 Reflector element symmetrical around receiever. 
 Beams incident on opposite ends of facet to be reflected to opposite ends of the receiver. 
From this predetermined set of boundary conditions a mathematical model was created to develop a 
LCPV module for a certain set of parameters.  The model (Appendix B) was created in scientific 
computational software, Mathematica, with added ray-tracing features from the expansion software, 
Optica 3, to fully develop the system.  The model takes into account the PV receiver width as well as 
the active area of the receiver and requests a height of the receiver above the bottom of the reflector.  
The model calculates the number of facets that can be implemented in the system as well as important 
parameters such as length, angle and geometrical position of each facet.  It also calculates the initial 
intensity profile that would be created across the PV receiver.  Figure 3.6 illustrates a schematic of 
this design including incident rays to illustrate the concept of the concentrator design.  This schematic 
was drawn up in Optica 3, where the red rays indicate the top of a facet and the green rays indicate the 
bottom of a facet.  
 
 
 
 
receiver 
Facetted reflector 
Figure 3.6: Illustration of the LCPV system generated from the 
mathematical model, traced in Optica 3. 
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In order to facilitate an appropriate design for the prototype LCPV module, the model developed from 
the pre-set conditions was used to further investigate the appropriate number of facets needed.  By 
keeping the height of the receiver above the bottom of the main reflector assembly constant the 
influence of the addition of more facets on the concentration of the system can be observed.  
Figure 3.7 shows the influence of the addition of facets to the LCPV system for the horizontal 
receiver design. 
 
Figure 3.7: Graph illustrating the effect of adding facets to the system on the concentration obtained 
by the system. 
 
The results illustrate an increase of concentration as more facets are added to the system.  The purpose 
of this study was to develop LCPV modules having a concentration factor in the range of 5 X.  This 
would enable the direct use of photovoltaic cells manufactured for use in flat-plate modules. Another 
reason for the design of such a system is that passive cooling systems are effective in mitigating the 
thermal load created on the PV receiver at low concentration levels.  From the model it is evident to 
obtain a LCPV module having a geometrical concentration of approximately 5 X, an optical reflector 
with six facets is needed for the horizontal receiver design. 
3.3 Prototypes Constructed 
The proposed final outcome of this study is to contribute to the development of a LCPV module.  
Various design considerations were implemented into the predetermined set of conditions that were 
set out for each of the designs to create a suitable optical subsystem for a LCPV system.  Two 
mathematical models were constructed, one for vertical receiver design and one for the horizontal 
receiver design.   After the development of the mathematical models and further investigation of the 
different influences of each of the parameters in the models, these two mathematical models, were 
0
1
2
3
4
5
6
7
8
9
10
0 2 4 6 8 10 12 14
C
o
n
ce
n
tr
at
io
n
 
Number of facets 
50 
 
implemented to design and construct various prototypes to be analysed and characterised with respect 
to the optical and electrical performance.  Three vertical receiver prototypes were constructed, the 
first 2 vertical receiver prototypes illustrated a lot of non-uniformities in the illumination profile and it 
was decided that a third vertical receiver prototype needed to be constructed to improve on the 
illumination distribution obtained from this design.  In the case of the horizontal receiver design the 
first prototype illustrated uniform illumination profile containing minimal non-uniformity. 
3.3.1 First Vertical Receiver LCPV Module Prototype  
An initial vertical receiver LCPV module prototype was constructed for preliminary testing of the 
design. The prototype was constructed based on the vertical receiver mathematical model and the 
specifications of the prototype are listed in table 3.1. 
Table 3.1: Physical aspects of the first vertical receiver LCPV prototype. 
Reflector Width (mm) 497 
Reflector Height (mm) 375 
Number of facets 8 
Receiver width (mm) 82 
Geometric concentration 6.00 X 
 
The concentrator was designed to have a geometrical concentration ratio of 6.00 X, with a reflector 
width 497 mm and a total height of 375 mm.  As a first prototype it was decided to overdesign the 
module to 6 X instead of 5 X to investigate if the cell would be able to mitigate the heat. The 
framework for prototype 1 was constructed using 1.5 cm thick superwood, where cross-beams were 
constructed to act as support for the facets between the outer frames of the box.  The cross-beams 
were constructed to prevent sagging of the reflective material that can lead to lensing of reflectors.  It 
is important to note that no thermal management system or heatsink was included into this design.  It 
was only necessary to construct one half of the reflector for preliminary testing due to the symmetry 
of the design about the middle of the concentrator.  Reflector facets were installed at a fixed position 
and orientation, and could not be altered.  Figure 3.8 is an image of the prototype indicating the 
individual facets as well as the receiver under operating conditions. 
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Figure 3.8: Illustration of the first vertical receiver LCPV prototype. 
  
3.3.2 Second Vertical Receiver LCPV Module Prototype 
A second vertical receiver prototype was constructed to improve on the first prototype, where one of 
the main improvements was that reflector facets were installed on u-brackets that were attached to the 
frame by making use of magnets.  By the use of u-brackets and magnets the positions and orientation 
of the facets could be adjusted to correct any form of misalignment originating within the system.  
Some of the physical parameters of the concentrators were also adjusted from the model, these are 
listed in table 3.2. 
 
 
 
  
Reflector Facets 
PV receiver 
|             | 
12.5 cm 
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Table 3.2: Physical aspects of second vertical receiver LCPV prototype. 
Reflector Width (mm) 510 
Reflector Height (mm) 400 
Number of facets 8 
Receiver width (mm) 88 
Geometric concentration 5.80 X 
 
The reflector width of the second prototype was larger than that of the first prototype.  The receiver 
width (width to which extreme incident irradiance is reflected to) also increased for the second 
prototype, resulting in a geometrical concentration ratio of 5.80 X.  Figure 3.9 is an illustration of the 
second prototype. 
 
 
 
 
 
Receiver 
Facetted 
Reflector 
Figure 3.9: Illustration of the second vertical receiver LCPV prototype.  
|             | 
11.8 cm 
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3.3.3 Third Vertical Receiver LCPV Module Prototype 
The third vertical receiver LCPV prototype was constructed to improve on the uniformity of the 
illumination profile of the second vertical receiver prototype.  The concentrator frame was constructed 
out of stainless steel, with the facets attached to square tubing.  This square tubing was screwed onto 
the frame, allowing the freedom to be able to adjust facet orientation and angle to obtain the best 
possible illumination profile across the PV receiver.  The physical aspects of the third vertical receiver 
LCPV module prototype are listed in table 3.3. 
Table 3.3: Physical aspects of the third vertical receiver LCPV prototype. 
Reflector Width (mm) 461 
Reflector Height (mm) 340 
Number of facets 5 
Receiver width (mm) 100 
Geometric concentration 4.61 X 
  
New PV receivers were constructed which were wider than the previous used.  The new prototype had 
to be constructed to have a wider illumination profile than the previous prototypes. The new PV 
receivers are discussed in section 4.8.  Before construction of the prototype the frame of the 
concentrator was drawn up and an illustration of the structure frame can be seen in figure 3.10.  The 
prototype was constructed and a photograph of the final module can be seen in figure 3.11.  The frame 
structure created for this prototype provided the necessary resources to add a heatsink as a passive 
cooling mechanism. 
 
54 
 
 
Figure 3.10: Illustration of structure frame for third vertical receiver LCPV prototype. 
 
Figure 3.11: Photograph of the third vertical receiver LCPV prototype. 
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3.3.4 First Horizontal Receiver LCPV Module Prototype 
The mathematical model for the horizontal receiver system was used to construct a LCPV module to 
be characterised with respect to optical and electrical performance.  The physical aspects of this 
design are listed in table 3.4.  The structure frame for this concentrator was made out of stainless steel, 
with the reflective facets attached onto square tubing.  The square tubing is then screwed into the 
structure frame, allowing for facet orientation to be adjusted to obtain the best possible illumination 
profile.  This design also provided an adjustable mount for the PV receiver, allowing for the height of 
the PV receiver to be adjusted.   Provision was also made for a necessary heatsink at the rear of the 
receiver.  An illustration of the structure frame of the concentrator is shown in figure 3.12. The final 
horizontal receiver LCPV module is shown in figure 3.13. 
 
 
Table 3.4: Physical aspects of horizontal receiver LCPV prototype. 
Reflector Width (mm) 530 
Reflector Height (mm) 110 
Number of facets 6 
Receiver width (mm) 100 
Geometric concentration 5.30 X 
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Figure 3.12: Illustration of structure frame for prototype. 
 
Figure 3.13: Illustration of the final horizontal receiver LCPV module. 
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3.4 Conclusions 
The objective of this study was to design a LCPV module that is effective but that reduces production 
cost and is relatively easy to manufacture.  In a previous study [5][6] a V-trough concentrator was 
designed and developed.  This study was to act as a continuation of the LCPV research at the Centre 
for Energy Research (CER) at Nelson Mandela Metropolitan University (NMMU).  The purpose was 
to design a new concentrator reflector that would improve on the aspect ratio of that of the V-trough 
concentrator.  The proposed solution was to be a linear trough configuration due to the fact that the 
design would be the best to reduce the aspect ratio by using a facetted parabolic reflector.  Due to 
difficulty in obtaining a uniform illumination profile with a parabolic reflector it was decided to 
construct a parabolic reflector out of flat facetted reflectors to take on the shape of a parabolic 
reflector.  A smooth parabolic reflector also creates a non-uniform illumination distribution across the 
width of the receiver, however implementing flat facets as a parabolic reflector improves the 
illumination profile obtained from the reflector.  The two designs that were investigated were the 
vertical receiver LCPV module design and the horizontal LCPV module design. 
From a predetermined set of boundary conditions two mathematical models (listed in Appendix A and 
B) were constructed, one for each design and from these models the influence of various different 
parameters on the designs were investigated.  These mathematical models were then used to design 
and construct various prototypes having a concentration factor in the range of 4.61 X to 6.00 X.  
These prototypes were characterised optically and electrically, with results discussed in Chapter 5. 
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Chapter 4 
Electrical Subsystem 
The optical and thermal subsystem of an LCPV module must be designed in such a way that the 
performance of the electrical subsystem is maximised.  This chapter is an overview of the 
Photovoltaic effect, semiconductor theory of solar cells as well as the physical operation of solar cells.  
Multiple string configurations were tested to act as electrical subsystem for the LCPV module 
prototypes. 
4.1 Properties of a Semiconductor 
The photovoltaic effect was first observed by A.E Becquerel in 1839 who observed that electrodes in 
an electrolyte under illumination changed the battery voltage [33].  From this observation many more 
scientists have investigated this effect, but it was later work from Lange and Schottky in 1930 [34] 
[35] which provided a more scientific basis for this effect and developed it to a practical point [36].  
In solid state physics atoms consists of electrons that are arranged in a number of specified energy 
levels which are referred to as energy bands.  An energy gap, EG, separates the conduction and 
valence bands in a semiconductor material [37].  A semiconductor material at a temperature of 
absolute zero will have a completely electron occupied valence band and an empty conduction band.  
Semiconductors are characterised to have energy bandgaps that are small enough such that electrons 
can be excited from the valence band into the conduction band by an increase in temperature or due to 
interaction with a photon.  After the excitation of an electron from the valence band into the 
conduction band a hole is left in the valence band.  Similarly to electrons being mobile negative 
charges, holes are considered to be mobile positive charges. 
Additional energy levels can be introduced into a semiconductor material by doping [38].  Doping a 
semiconductor material leads to the introduction of impurity atoms.  There are two types of impurity 
atoms: interstitial impurity and substitutional impurity.  When an impurity atom occupies a position 
which is between the silicon atoms it is referred to as a interstitial impurity.   When an impurity atom 
is substituted into the position of a silicon atom in the atomic arrangement it is referred to as a 
substitutional impurity.  Group V elements such as phosphorus are introduced as substitutional 
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impurities in silicon.  The introduction of this substitutional impurity leads to an extra electron in the 
crystal structure.  The extra electron is introduced due to the periodic table group V element creating 
four covalent bonds with the neighbouring silicon atoms leaving the fifth electron not being present in 
any covalent bond and thus absent from the valence band.  An energy of 0.2 eV is required to excite 
this electron into the conduction band, compared to 1.1 eV to excite an electron from the valence band 
to the conduction band in silicon [38].  Figure 2.1a shows that the extra electron introduced by the 
group V atom introduces the donor level, denoted as ED, which is found below the conduction band.  
The semiconductor material doped with the periodic table group V element is known as a n-type 
semiconductor and it consists of an excess of electrons.  By doping a semiconductor material with a 
periodic table group III element an extra hole is created in the material.  This extra hole is introduced 
due to the group III element only consisting of three valence electrons, one less than the required 
number of covalent bonds with neighbouring silicon atoms.  This extra hole introduces an acceptor 
level, denoted EA, situated above the valence band (see figure 2.1b).  Electrons in the valence band 
can now be excited into extra hole available in the acceptor level thus generating additional mobile 
positive holes in the valence band of the material.  A semiconductor material doped with a periodic 
table group III element is known as a p-type material and has an excess of mobile positive holes.  In a 
p-type semiconductor material the holes are the majority carries and the electrons the minority 
carriers, whereas in a n-type semiconductor material the holes are the minority carriers and the 
electrons are the majority carriers.  
 
 
 
 
 
 
4.1.1 Mobility of Carriers 
Two main transport mechanisms of carriers are found in a semiconductor material, drift and diffusion.  
When an electron accelerates due to the effects of an applied electric field in the opposite direction to 
the acceleration it is known as drift [38].  The drift velocity of an electron cannot increase uniformly 
due to the collisions with other electrons in the crystal structure of the semiconductor material.  The 
strength of the electric field, temperature, level of doping and quality of the semiconductor material 
are all factors that influence the mobility of the charge carriers [39].  When carriers are continuously 
Figure 4.1: Extra energy levels that are introduced due to the introduction of a (a) group 
V impurity and (b) group III impurity. 
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moving from a region with a high concentration to a region with a low concentration to obtain 
equilibrium, it is known as diffusion. 
4.1.2 Absorption of a Photon 
In a semiconductor material photons are absorbed to excite electrons from the valence band across the 
forbidden energy bandgap into the conduction band.  This process leads to the generation of electron-
hole pairs.  Only incident photons having energy greater than that of the bandgap of the 
semiconductor material will after absorption generate electron-hole pairs.  Low energy photons with 
insufficient energy to excite an electron-hole pair will contribute to the thermal load of the solar cell.  
Excess energy of high energy photons will also contribute to the thermal load of the cell. 
4.1.3 Recombination 
In a semiconductor material recombination occurs when the generated electron-hole pair recombines 
back into the equilibrium state.  Three main recombination processes occur in semiconductor 
materials, these are Radiative recombination, Auger recombination and Schockley-Read Hall 
recombination. 
Radiative recombination occurs when the excited electron drops down from a high energy state 
resulting in the release of the excess energy in the form of a photon.  This type of recombination is 
more probable in materials having a direct bandgap and less probable in materials having an indirect 
bandgap.  Auger recombination occurs when an electron recombines with a hole and the resultant 
energy from the recombination is given off in the form of kinetic energy to a third carrier in the 
conduction band.  The third carrier will then drop down to the band edge and the excess energy 
radiated as heat or in the form of a phonon [39].  Shockley-Read Hall recombination occurs due to the 
introduced dopants and impurities.  The dopants and impurities provide additional energy levels 
wherein electrons can recombine.  An in depth study was done by Hall, Shockley and Read into this 
form of recombination and it was later named after them [40]. 
4.1.4 P-N Junction 
When a p-type semiconductor and a n-type semiconductor are joined resulting in a concentration 
gradient for electrons and holes, a diode is formed.  After the p-type and n-type material are joined 
electrons will diffuse from the n-type material, with high electron concentration, into the p-type 
material which has a low electron concentration.  Holes will diffuse from the p-type material where 
there is a high hole concentration to the n-type material where there is a low hole concentration.  This 
diffusion process will occur till an equilibrium state is reached in the semiconductor diode.  By 
applying an electrical bias or exposing the semiconductor to light the equilibrium conditions of the 
semiconductor diode can be disturbed [39].  When the semiconductor diode is illuminated electron-
hole pairs are generated.  These electron-hole pairs influence the minority carrier concentration in 
each of the regions.  Under zero bias an electrochemical potential difference is present between the n- 
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and p-type regions and in the transition region a minority carrier concentration gradient occurs.  
Collection of the generated carriers will result in a current in an external circuit.  Figure 4.2 shows an 
image of a typical p-n junction. 
 
 
 
 
 
 
Electrons and holes drift and diffuse throughout the material.  This will result in the formation of 
current densities of electrons and holes due to the drift currents and diffusion currents.  Under the 
influence of an electric field drift current will occur in the form of carrier flow to minimise their 
electrical potential energy.  For diffusion currents, carries will move from a high carrier concentration 
region to a low concentration region to minimise their statistical potential energy [39].  
The collection of the carriers occurs as the electron (minority carriers in the p-type region) diffuse 
from the p-type region into the n-type region.  In a similar way the holes (minority carriers in the n-
type region) will diffuse into the p-type region.  Unless there exists a difference between the 
concentration gradients of electrons and holes the diffusion currents of electrons and holes will cancel 
out.  One such a device configuration where the diffusion currents fail to cancel out is in p-n junction.  
In order for the minority carriers to be collected, their lifetime must exceed the transit time towards 
the junction.  Parameters such as the time for recombination to occur as well as the diffusion velocity 
of minority carriers are important properties of the material being used and will indicate the efficiency 
of separating and collection of carriers.  In the case of crystalline silicon the lifetime and diffusion 
lengths of the minority carriers need to be large to ensure for an efficient solar cell [41]. 
4.2 Operation of a Solar Cell 
Figure 4.3 illustrates a schematic of a common silicon solar cell configuration. 
 
 
  
P N 
Transition region 
Figure 4.2: Illustration of a p-n junction, where p- type material has an excess of holes 
and n-type material has an excess of electrons. 
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Figure 4.3: Schematic of a typical silicon solar cell illustrating the anatomy. 
4.2.1 Ideal Solar Cell 
Assuming that the current from the solar cell can be expressed by the characteristic of an ideal p-n 
junction under illumination, the current–voltage characteristic for an ideal solar cell can be expressed 
as:[42] 
        *   
  
   
  +   (4.1) 
Where I0 is known as the saturation current of the solar cell and is a function of temperature and 
voltage.  m denotes the ideality factor of the cell and this represents the current loss due 
recombination of charge carries in the semiconductor.  This parameter range between values of 1 and 
2, where at low voltages m = 2 and at high voltages m = 1.  Boltzmann’s constant is k, absolute 
temperature is given by T , the charge is q and illumination current IL. 
From equation 4.1 two important points on the characteristic can be identified.  The first of these 
critical points can be found by solving equation 4.1 for V = 0, this point is referred to as short-circuit 
current (ISC).  The second critical point can be found by solving equation 4.1 for I = 0, this point is 
known as open-circuit voltage (VOC).  When V = 0 the term for saturation current approaches zero and 
the short-circuit current is represented by: [42] 
                 (4.2) 
For the second critical point, when the system is at open circuit (I = 0), equation 4.1 can be solved to 
express the open-circuit voltage as: [42] 
     
  
 
  *
  
  
  +    (4.3) 
It is important to note the relationship of ISC and VOC with illumination current IL, i.e.: 
  ISC changes linearly with illumination. 
 VOC is influenced logarithmically with illumination. 
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These two parameters enable one to write equation 4.1 into alternative form: 
               *     ( 
        
   
)+               (4.4) 
Equation 4.4 illustrates deviations from that of a real solar cell, due to the parameters m and I0 
depending on the position of the curve. It is still highly important to know ISC as well as VOC. 
4.2.2 Real Solar Cell 
Although equation 4.4 accurately predicts the characteristic for an ideal solar cell, in a real solar cell 
there exists other extrinsic effects such as series resistance and current leakage which are not indicated 
in this equation.  The ideal one-diode model (equation 4.4) does not account for these losses [42].  
 
Figure 4.4: Schematic of a real one-diode model circuit.  
In figure 4.4 current leakages are represented by a parallel resistance shown as RP in the circuit.  This 
resistance limits ISC as well as fill factor obtained from the cell.  Ideally it is important that this 
resistance be infinite.  The other extrinsic effect, series resistance, originates from the resistance in the 
metal contacts of the cell.  This resistance is shown in the circuit as RS.  Ideally a low series resistance 
is required due to the negative effects that high series resistance has on the maximum power obtained 
from the cell and the fill factor.  When these resistances are incorporated into the characteristic the 
equation can be written as: 
         *   
        
   
  +  
     
  
   (4.5) 
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Figure 4.5: Basic I-V characteristic.  
4.3 Silicon Concentrator Cells 
In chapter 2 the two different types of CPV technologies were discussed, these being HCPV point-
focus systems and LCPV linear trough systems.  For each of these photovoltaic technologies different 
receivers are incorporated into the systems to obtain the maximum power to cost ratio.  The design of 
the PV receiver to be used in a LCPV system is of extreme importance as it will determine the 
performance of the LCPV module.  The costs involved with a point-focus solar concentrator system 
per square metre of the collection area is larger than that of a line-focus concentration system [12].  
Highly efficient solar cells are thus ideal for point-focus concentration systems even though the solar 
cell cost per square cm is high.  In linear trough concentration systems it is possible to use 
conventional lower efficient solar cell material which has lower cost.  This is possible due to the 
concentration level being approximately 100 times smaller for line-focus systems and the solar cell 
area approximately 100 times larger.  This is done in an attempt to decrease the cost per unit 
electricity produced from photovoltaics. 
The low cost, ease of manufacturing and availability of silicon solar cells made it a probable choice 
for investigation.  The key requirements for ideal concentration cells are [12]: 
 High material quality accompanied with long minority carrier lifetimes. 
 Minimised resistances and recombination losses due to a good diffusion design. 
 Good surface passivation. 
 Thorough cell edge passivation. 
 Excellent light trapping and reflection control. 
 Optimised design of metallizations to minimise resistive and optical losses. 
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Conventional silicon solar cells illustrate several of these qualities which makes them an ideal 
candidate.  A typical silicon solar cell will experience an estimated increase of 10 % in open-circuit 
voltage when illuminated under a concentration of 10 X, though resistive losses normally tends to 
increase faster than the increase in open-circuit voltage under concentrated illumination [12].  This 
reduction will lead to a decrease of efficiency of the silicon solar cell under concentration.  It is 
important to incorporate the optimal concentration ratio in the system for which the PV receiver will 
operate under maximum performance.  
4.4 Characterization 
4.4.1 Performance parameters 
In this section a brief introduction is given to the electrical parameters which are investigated when 
obtaining an I-V characteristic of a solar cell or module such as figure 4.5. 
4.4.1.1 Short-Circuit Current 
As the short-circuit current (Isc) was already defined in the previous section only a brief summary will 
be given.  The short-circuit current is the current through the solar cell when there is no potential 
across the solar cell (V = 0), this means when the solar cell is short circuited [21]. 
Isc arises due to illumination of the solar cell which leads to generation of charge carriers.  In the case 
of an ideal solar cell the short-circuit current and the light-induced current are identical, the short-
circuit current is the largest current that can be drawn from a solar cell.  There are many factors that 
influence short-circuit current some of these are: 
 Area of the solar cell and number of incident photons upon the solar cell. 
 Spectrum of the incident light. 
 Optical and reflective losses. 
 Collection probability. 
4.4.1.2 Open-Circuit Voltage 
The open-circuit voltage (Voc) is the maximum voltage that can be obtained from a solar cell under 
illumination.  It is found when there is no current flowing from the  solar cell, when current is zero in 
other words the solar cell is an open-circuit. 
4.4.1.3 Fill Factor and Solar Cell Efficiency. 
The maximum power obtained from a solar cell and that can be supplied to the load is expressed as 
the product of IM  × VM, where IM is defined as the current at the maximum power point and VM as the 
voltage at the maximum power point.  The maximum power is also described as the area of the largest 
rectangle that can be formed under the I-V characteristic.  This product between IM  × VM is smaller 
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than the product of ISC × VOC and the ratio between these products is defined as the fill factor or FF 
[42]: 
          
    
      
        (4.6) 
where the ratio will always be less than one.  In practical terms this ratio illustrates how good the form 
of the I-V characteristic is.  If the I-V characteristic has a more pronounced knee than the product of 
maximum power will be closer to the product of ISC and VOC, thus resulting in a higher fill factor. 
The efficiency of a solar cell is defined as the ratio between the maximum power produced from the 
solar cell to the load and the power incident from the sun due to radiation on the solar cell.  Thus it is 
an efficiency with regards to the conversion of energy, where PL is the power incident upon the 
receiver  This efficiency can thus be expressed as: [42] 
      
    
   
 
          
  
    (4.7) 
4.4.2 Parasitic resistances 
In figure 4.3 it is shown that in a real solar cell there are parasitic resistances.  These parasitic 
resistances cause dissipation of power generated from the solar cell, which leads to a decrease in the 
efficiency of the solar cell.  The parasitic resistances in a solar cell are series resistance and shunt 
resistance. 
4.4.2.1 Series Resistance 
Series resistance can have three different origins in a solar cell:  
 Series resistance originates when current moves through both the base and the emitter of the 
solar cell. 
 It originates due to contact resistances found between the semiconductor and metal contacts. 
 The resistance due to the front and back metal contacts.  
 
Series resistance leads to a decrease in the fill factor of the solar cell, which will lead to a decrease in 
the power delivered to the load.  In cases of high series resistance a decrease in short-circuit current 
may also occur [21].  Series resistance (Rs) was included in the equivalent circuit of the real one-diode 
model equation, as shown in figure 4.3. 
The effects of series resistance can be observed on the I-V (current-voltage) characteristic of the solar 
cell.  Series resistance accompanied by high current levels lead to major power loss from a solar cell. 
In LCPV series resistance plays a big role due to the operation of solar cells under higher current 
levels.  A one diode-model simulation programme constructed in Mathematica was used to simulate 
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three I-V characteristics having different series resistances to illustrate the effects of series resistance 
on the I-V characteristic itself.  Figure 4.6 illustrates theses three curves and the effects of different 
series resistances on the I-V characteristic of a solar cell.  
 
Figure 4.6: Effect of different series resistances on the I-V characteristic of a solar cell. 
From figure 4.6 the implications of series resistance on the fill factor of the solar cell can be observed 
through the decrease in the area under the curve as well as the effects on the maximum power point 
can also be observed.  High series resistance has a negative effect on the electrical output of a solar 
cell, under one-sun where currents are low the effects might be minimal, but under concentrated 
illumination the effect of series resistance is emphasized. 
4.4.2.2 Shunt Resistance 
Shunt resistance (RP) is the representation of any high conductivity paths that are found in the solar 
cell across the junction or in the vicinity of the cell edges.  The origins of these are mostly damages to 
the crystal material or impurities found in the material.  Low shunt resistance in a solar cell will lead 
to shunt current being formed in the solar cell, which will cause reduced currents reaching the 
intended load [26]. 
The effects of a low shunt resistance can be observed from the I-V characteristic of the solar cell.  
Figure 4.7 illustrates the effects of different shunt resistances n the I-V characteristic of a solar cell. 
0
0.5
1
1.5
2
2.5
3
3.5
4
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
C
u
rr
e
n
t 
(A
) 
Voltage (V) 
High series resistance
Medium series
resistance
Low series resistance
68 
 
 
Figure 4.7: Effect of different shunt resistances on the I-V characteristic of a solar cell.  
 
4.4.3 Effect of Temperature on a Solar Cell  
The effect of temperature on a solar cell is highly relevant especially in LCPV technology.  In LCPV 
technology solar cells are subjected to concentrated illumination, this concentrated illumination will 
lead to a drastic increase in the temperature of the PV receiver making it essential to understand the 
effect temperature has on the electrical performance of a solar cell.  Consider a solar cell described by 
equation 4.8 with an ideality factor of m = 1, due to recombination currents found in the neutral 
zones.  The characteristic equation for this solar cell is described by: [42] 
        *   
        
  
  +   (4.8) 
The light-generated current increases with increase in temperature, due to greater diffusion lengths of 
minority carriers as well as the slight decrease in the bandgap of the semiconductor material.  This 
decrease in the bandgap allows photons with lower energy to create electron hole pairs.  The increase 
in light-generated current is, however, small, especially in silicon cells [33].  The second term has an 
explicit dependence on temperature as observed in the exponential factor as well as the implicit 
dependence of I0 on temperature.  Described below is the dependence of the reverse bias saturation 
current with temperature: [42] 
     
    ( 
   
  
)     (4.9) 
Where K and EG0, which is the bandgap at 0 Kelvin, are taken to be constant with changing 
temperature.  For silicon cells the saturation current doubles with every 10⁰ C increase in temperature 
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[21].  Using equation 4.8 and 4.9, it is possible to obtain an expression for the open-circuit 
voltage:[42] 
        
   
 
 
  
 
  (
   
  
)    (4.10) 
This expression indicates that open-circuit voltage decreases with increase in temperature of the solar 
cell.  The dependence of open-circuit voltage with temperature is commonly described by the 
temperature coefficient: [42] 
    
  
  
 
 
*
   
 
       +    (4.11) 
For Si the theoretical temperature coefficient is calculated to be 2.3 mV/°C.  This decrease in open-
circuit voltage with increase in temperature leads to a decrease in the fill factor of the solar cell.  This 
decrease in open-circuit voltage and fill factor is much more than the increase in light-generated 
current, and thus will lead to a decrease in the efficiency of the solar cell.  The effect of temperature 
on the I-V characteristic of a solar cell is illustrated in figure 4.8 below. 
 
Figure 4.8: Effect of temperature on the I-V characteristic of a solar cell.  
   
4.5 Effect of Concentrated Illumination on Parameters 
The operation of solar cells under concentrated illumination yields two major advantages.  Due to 
solar radiation being concentrated or focussed by lenses and reflectors less solar cell material is 
required to collect the radiation that falls on a certain area.  The second advantage is that operating 
under concentrated illumination increases the efficiency of the solar cell [43].  This increase in 
efficiency can be seen in figure 4.9 which illustrates the relationship between solar cell efficiency and 
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concentration.  The efficiency increases due to the linear increase in current accompanied by the 
logarithmic increase of voltage with increase in solar flux.  The drop off in efficiency at a specific 
concentration level occurs due to an increase of temperature of the PV receiver. This increase of 
temperature will negatively influence the open-circuit voltage which in effect will lead to a decrease 
in the power obtained from the cell.  These high temperatures will also lead to a slight increase in the 
series resistance of the PV receiver which will further under higher current levels decrease the 
maximum power obtained from the PV receiver.  The result of this would be a decrease in cell 
efficiency. 
 
Figure 4.9: Variation of solar cell efficiency with concentration. [42] 
4.5.1 Light-Generated Current 
The light-generated current produced by a solar cell is directly proportional to the intensity of the 
illumination incident upon it.  If the light-generated current under one-sun conditions from a solar cell 
is defined as IL1,then by means of the proportionality it is valid to assume that the light-generated 
current of the solar cell under a concentration of X suns will be: [42] 
        
4.5.2 Open-Circuit Voltage 
Assume that the open-circuit voltage of a solar cell under one-sun conditions is given by VOC1, then 
the open-circuit voltage under concentrated illumination will be given by: [42] 
          
  
 
       (4.12) 
Where the assumption is made that m and I0 remain constant as the level of illumination increases. 
[42] 
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4.5.3 Efficiency  
Due to the changes in the other electrical parameters of the solar cell, the efficiency of the solar cell 
under concentrated illumination will result in: 
     
               
    
    (4.13) 
Where PL1 is the power obtained from the solar cell under one-sun conditions.  This expression can be 
simplified to obtain: [42] 
     
              
   
    (4.14) 
Substituting in equation 4.12 for open-circuit voltage under concentrated illumination the following 
expression is obtained: [42] 
     
            
   
*  
   
     
   +   (4.15) 
If the small variations in the fill factor are ignored then this expression indicates an increase in the 
efficiency of a solar cell under concentrated illumination due to the increase in open-circuit voltage as 
well as light generated current. [42] 
4.6 Connecting Solar Cells within a PV Receiver 
Individual solar cells are connected together to form Photovoltaic receivers or strings.  It is important 
that solar cells are connected correctly to optimise the performance of the string or receiver.   
4.6.1 Solar Cells Connected in Series 
When solar cells are connected in series the voltages are summed to obtain the resultant voltage of the 
string.  The resultant current is, however, the same as the current through each cell.  For a string of N 
solar cells connected in series the open-circuit voltage of the string (VOCS) would therefore be: 
          
4.6.2 Solar Cells Connected in Parallel 
When solar cells are connected in parallel the currents are summed to obtain the resultant current of 
the string.  For solar cells connected in parallel the resultant voltage is the same as the voltage of each 
individual solar cell.  For a string containing N solar cells connected in parallel the resultant short-
circuit current (ISCP) would be: 
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4.7 Solar Receivers Constructed for Characterisation of Prototypes. 
In a LCPV system the PV receiver forms a critical part of the electrical subsystem, which is the most 
important of the three subsystems.  The optical subsystem and thermal subsystem are designed in such 
a way that contributes to good performance of the electrical subsystem.  Specialised receivers were 
constructed to identify a PV receiver design ideal for LCPV application.  In this section four different 
cell string configurations were constructed, one-sun current-voltage (I-V) characteristics are shown 
with accompanying electroluminescence images to investigate any cracks or damage in the cell 
material.  The individual solar cells were cut from a single GINTECH m-Si cells having dimensions 
of 156 mm x 156 mm.  The cells were first cut in half and then each half divided further into either 3, 
4, 6 or 8 smaller cells. These smaller cells were then soldered together to form strings of 3, 4, 6 and 8 
cell string configuration.  It is important to note that the combined cell area in each of these string 
configurations were the same.  Each string configuration was attached to an aluminium back-plate by 
using a phase change heat transfer film which also acted as an electrical insulator between the cells 
and the backplate. 
4.7.1 3 Cell String Configuration 
Figure 4.10 shows a photograph of the 3 cell string configuration.  A one-sun I-V characteristic of this 
string configuration is shown in figure 4.11 with an accompanying electroluminescence photograph 
(taken with a CCD camera) of the string shown in figure 4.12.  Table 4.1 lists the electrical parameters 
of the one-sun I-V characteristic. 
 
Figure 4.10: Photograph of the 3 cell string configuration. 
 
2.65 cm 
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Figure 4.11: One-sun I-V characteristic of 3 cell string configuration. 
Table 4.1: Electrical parameters of 3 cell string configuration. 
Isc 1.49 A 
Voc 1.78 V 
Imp 1.29 A 
Vmp 1.37 V 
Pmax 1.77 W 
Temp 34.3° C 
  
 
 
Figure 4.12: Electroluminescence image of the 3 cell string configuration. 
From the electroluminescence image of the 3 cell string configuration (figure 4.12) the left hand cell 
is contributing less current than the other two cells.  This is why it appears darker than the other two. 
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This will definitely lead to some mismatch when operating under concentrated illumination.  Under 
one-sun , this has, however, not caused any serious power losses within the string configuration. 
4.7.2 4 Cell String Configuration 
Figure 4.13 shows a photograph of the 4 cell string configuration.  The one-sun I-V characteristic can 
be seen in figure 4.14 with a summary of the electrical parameters listed in table 4.2.  An 
electroluminescence image was obtained for the 4 cell string configuration to investigate the 
contribution from each cell, this image can be seen in figure 4.15. 
 
Figure 4.13: Photograph of 4 cell string configuration. 
 
 
 Figure 4.14: One-sun I-V characteristic of 4 cell string configuration.  
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Table 4.2: Electrical parameters of 4 cell string configuration. 
Isc 1.10 A 
Voc 2.42 V 
Imp 0.94 A 
Vmp 1.88 V 
Pmax 1.78 W 
Temp 28° C 
 
 
Figure 4.15: Electroluminescence image of the 4 cell string configuration. 
The electroluminescence image illustrates good contributions from all the cells.  The cell on the left 
has some inactive fingers due to the loss of contact between the fingers and the busbar.  This effect is 
not noticeable on the one-sun I-V characteristic is hardly visible. 
4.7.3 6 Cell String Configuration 
Figure 4.16 shows a photograph of the 6 cell string configuration.  The one-sun I-V characteristic is 
shown in figure 4.17 with a summary of the electrical parameters listed in table 4.3.  The 
electroluminescence image for the 6 cell string configuration was obtained to investigate the 
contribution from each cell, is shown in figure 4.18. 
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Figure 4.16: Photograph of the 6 cell string configuration.  
 
Figure 4.17: One-sun I-V characteristic of 6 cell string configuration. 
Table 4.3: Electrical parameters of the 6 cell string configuration. 
Isc 0.75 A 
Voc 3.55 V 
Imp 0.65 A 
Vmp 2.72 V 
Pmax 1.77 W 
Temp 29° C 
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Figure 4.18: Electroluminescence image of the 6 cell string configuration. 
The electroluminescence image illustrates good contributions from each of the cells.  The one-sun I-V 
characteristic also illustrates that the 6 cell string configuration has good electrical properties. 
4.7.4  8 Cell String Configuration 
Figure 4.19 shows a photograph of the 6 cell string configuration.  The one-sun I-V characteristic can 
be seen in figure 4.20 with the electrical parameters listed in table 4.4.  An electroluminescence image 
was obtained for the 8 cell string configuration to investigate the contribution from each cell, this 
image is shown in figure 4.21. 
 
Figure 4.19: Photograph of the 8 cell string configuration. 
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Figure 4.20: One-sun I-V characteristic of the 8 cell string configuration. 
 
 
 
Table 4.4: Electrical parameters of 8 cell string configuration. 
Isc 0.55 A 
Voc 4.79 V 
Imp 0.49 A 
Vmp 3.81 V 
Pmax 1.89 W 
Temp 26° C 
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 Figure 4.21: Electroluminescence image of the 8 cell string configuration.  
This cell string configuration illustrates good contributions from each of the cells.  The cell on the 
right of the string has one finger that is not making contact with the busbar or has broken off.  This, 
however, will have a minimal effect on the performance of the string at one-sun as well as under 
concentration. 
The four string configurations were designed in such a way as to investigate the most suitable PV 
receiver for LCPV application.  The different receivers ranged from high current low voltage 
receivers to low current high voltage receivers, while keeping the total solar cell area constant in each 
of the string configurations.  By keeping the total solar cell area constant in each of the receivers the 
power output of the receivers could be compared to one another, where the receiver yielding the 
highest power would be most suitable for LCPV application.  A summary of the electrical parameters 
are listed in table 4.5. 
Table 4.5: Summary of constructed receivers. 
 3 cell string 4 cell string 6 cell string 8 cell string 
Isc 1.49 A 1.10 A 0.75 A 0.55 A 
Voc 1.78 V 2.42 V 3.55 V 4.79 V 
Imp 1.29 A 0.94 A 0.65 A 0.49 A 
Vmp 1.37 V 1.88 V 2.72 V 3.81 V 
Pmax 1.77 W 1.78 W 1.77 W 1.89 W 
 
4.8 Temperature Coefficients 
4.8.1 Objective 
This experiment was conducted to determine the temperature coefficients of the solar cell material 
used in these string configurations. 
2.0 cm
 
80 
 
4.8.2 Methodology 
The 6 cell string configuration was placed under illumination and I-V characteristics were obtained at 
different temperatures in the range of 28°C – 80°C on a day where the irradiance was constant.  The 
variation of open-circuit voltage as well as short-circuit current was investigated as a function of 
temperature [44].  Figure 4.22 shows the dependence of short-circuit current with varying 
temperature.  Figure 4.23 shows the dependence of open-circuit voltage with varying temperature. 
4.8.3 Results 
 
Figure 4.22: Graph illustrating the temperature dependence Isc. 
 
Figure 4.23: Graph illustrating the temperature dependence of Voc. 
 
Figure 4.21 shows an increase in short-circuit current with the increase of receiver temperature, this is 
as expected due to the reduction in the energy bandgap of the silicon material.  The temperature 
dependence of short-circuit current was determined to be 0.0013 A/°C.   As mentioned in previous 
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sections temperature has a negative effect on the open-circuit voltage of a solar cell.  This effect is 
seen in figure 4.22 which shows a decrease in open-circuit voltage of the receiver as the temperature 
increases.  Extracting the gradient from the trendline fitted to the data, a temperature coefficient of 
0.0127 V/°C is determined for the receiver.  The temperature coefficient per individual cell will then 
be 2.11 mV/°C, this is determined by dividing the temperature coefficient of the receiver by the 
number of cells connected in series.  The experimentally obtained value corresponds to the 
theoretically temperature coefficient of silicon which is  ≈ 2.3 mV/°C. 
 
4.9 Conclusions 
This chapter gives an introduction for the electrical subsystem of a LCPV system.  It gives a brief 
overview of the relevant semiconductor theory which is characteristic to solar cells, such as the P-N 
junction, the one-diode equation and explains the basic electrical parameters associated with 
characterising a solar cell.  
Four multi-cell string configurations were constructed to act as electrical subsystem for the LCPV 
module prototypes, with the aim of identifying which receiver setup would be most ideal for LCPV 
application.  These electrical receivers were used to electrically characterise each of the prototypes 
and the results of the characterisation can be seen in chapter 5.  One-sun I-V characteristics were 
obtained and preliminary results illustrated that the 8 cell string configuration yielded the highest 
power compared to all of the receivers.  The performance of these receivers under concentrated 
illumination can be seen in chapter 5.  
The 6 cell string configuration was used to investigate the temperature coefficients of these receivers. 
I-V characteristics were obtained at 5 °C intervals from 30 °C - 80 °C, to determine the temperature 
coefficients with respect to voltage and current.  Results illustrated that current yielded a temperature 
coefficient of 0.0013 A/°C.  On open-circuit voltage a temperature coefficient of  -2.11 mV/°C was 
obtained, this is accurate to the theoretical specified value for silicon which is ≈ -2.3 mV/°C. 
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Chapter 5 
Results 
After completing the design aspects of the study described in the previous sections, prototypes were 
constructed to characterise the designs implemented in this study.  In chapter 3 the various 
constructed prototypes for each of the LCPV designs were discussed by considering certain design 
aspects. In this chapter the prototypes of the LCPV designs are characterised with respect to the 
optical and electrical performance, by conducting various experiments, the methodology and objective 
of each of the experiments are also discussed.  Along with chapter 3, this chapter provides an analysis 
of the four constructed LCPV prototypes accompanied by the conducted experiments used to 
investigate various phenomena observed during the study.  A basic thermal measurements were 
conducted, but a thermal characterisation was considered as a separate study. 
5.1. First Vertical LCPV Module Prototype. 
From the mathematical model of the vertical receiver system a prototype LCPV module was 
constructed.  The physical aspects of the concentrator prototype was discussed in section 3.3.1, 
importantly this prototype had a geometrical concentration factor of 6 X.  This module was mounted 
on a dual axis tracker such that Current-Voltage (I-V) characteristics could be obtained and to perform 
an electrical and optical characterisation of the module.  It should be noted that only one half of the 
module was used in this evaluation.   No cell cooling system was included in the prototype module 
and it fully relies on natural convection.  
Figure 5.1 is a photograph of this LCPV module illustrating the facetted reflector and receiver.  In 
order to validate the theoretical model, from which this prototype was constructed, an experiment was 
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done to characterise the illumination distribution of the reflectors.  An electrical characterisation was 
also conducted on the receiver with this illumination distribution to further validate this model. 
 
Figure 5.1: Photograph of first vertical receiver LCPV prototype. (Figure 3.8) 
 
5.1.1 Electrical Characterisation of First Vertical Receiver LCPV Module Prototype  
5.1.1.1 Methodology 
Two laminated solar cell receiver configurations were characterised in  the concentrator module; these 
will be referred to as “receiver 1” and “receiver 2”.   Receiver 1 comprises polycrystalline Si cells in 
two parallel strings, with each parallel string consisting of 8 cells connected in series.   Receiver 2 
consists of single crystalline Si cells in 1 string of 3 cells connected in series.  Figures 5.2 and 5.3 
shows photographs of receiver 1 and receiver 2, respectively.  It is important to note the receivers 
were chosen in such a way that the active area of each receiver was the same, 80 x 160 mm. 
 
PV receiver 
Reflector Facets 
|             | 
12.5 cm 
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Figure 5.2: Photograph of receiver 1. 
 
 
Figure 5.3: Photograph of receiver 2. 
 
The electrical characterisation consisted of obtaining current-voltage (I-V) characteristics of the PV 
receivers under concentrated illumination and comparing these to the current-voltage (I-V) 
characteristics of the receivers under one-sun.  The I-V characteristics were obtained by using an 
Agilent I-V tracer. A Kipp & Zonnen CM3 pyranometer was used to measure global irradiance, while 
the Kipp & Zonnen CH1 pyroheliometer was used to measure direct normal irradiance (DNI).  
Receiver temperatures were recorded by making use of a single K-type thermocouple that was 
attached to the back of the PV receiver. 
5.1.1.2 Results 
Figure 5.4 shows the current-voltage (I-V) characteristics of receiver 1 obtained under one-sun 
(reference I-V curve) as well as under concentrated illumination of 6 X (section 3.3.1). 
|             | 
  2.9 cm 
|             | 
 3.27 cm 
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Figure 5.4: Current-Voltage (I-V) characteristics of receiver 1 obtained at one-sun as well as 6 X 
concentrated illumination. 
 
The electrical parameters under one sun and concentration conditions from the obtained I-V 
characteristics was analysed and summarised and can be seen in Table 5.1 
Table 5.1: Parameters extracted from I-V characteristics of receiver 1. 
 
 
 
 
 
 
The data listed in table 5.1 was normalised with respect to irradiance to 1000 W/m
2
, the data was not 
corrected for temperature due to the receiver temperature being close to 25°C under one-sun as well 
as under concentrated illumination.  These low temperatures were obtained due to the brief exposure 
of the receiver to illumination when the characteristics were obtained.   The effective concentration 
level is determined from the increase in short circuit current.   Figure 5.4 and Table 5.1 illustrate an 
increase in Isc from 0.15 A to 0.68 A (X = 4.53).  The maximum power increased by 5.4 X, 
from   0.65 W to 3.53 W.  The increase in Pmax is greater than the increase of Isc, due to the additional 
logarithmic increase of voltage with increase in solar flux.  As power is defined as the product of 
Parameter X= 1 X= 6 
Isc 0.15 A 0.68 A 
Voc 8.43 V 8.83 V 
Impp 0.11 A 0.56 A 
Vmpp 5.89 V 6.32 V 
Pmax 0.65 W 3.53 W 
Temp 23.0 °C 28.3 °C 
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current and voltage (IxV) the individual increase of current and voltage under concentrated 
illumination will have a combined effect on the power produced from the receiver.   This combined 
increase in power will thus exceed the linear increase in current.  
A theoretically optical modelled concentration ratio of X = 6.02 (geometric concentration ratio) was 
expected for this design where only X = 4.53 was obtained experimentally on ISC.  The two main 
reasons for not reaching the desired theoretical concentration ratio are; misalignment of optical 
elements in the system that results in illumination non-uniformity and secondly optical losses from  
the reflective material not being a perfect reflector.  The distance between the reflector and the 
receiver as well as the large oblique angles leads to an increase in accuracy required when 
constructing the reflector elements. Small misalignments of the reflector elements lead to large 
misalignments of the solar radiation on the receiver surface.  This will lead to non-uniformities in the 
illumination profile which will result in current mismatch of the solar cells, with the worst illuminated 
cell being the current limiter. 
Figure 5.5 shows the I-V characteristics of receiver 2 obtained under one-sun as well as under a 
concentrated illumination of about 6 X.  A summary of the electrical parameters is listed in table 5.2. 
 
 
Figure 5.5: Current-Voltage (I-V) characteristics of receiver 2. 
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Table 5.2: Parameters extracted from I-V characteristics of receiver 2. 
 
 
 
 
 
 
 
The results were normalised to 1000 W/m
2
 for irradiance and again the data was not corrected for 
temperature due to the temperature of the receiver being close to 25° C under one-sun as well as under 
concentrated illumination at the time that the I-V characteristic was obtained. This again was due to 
the brief exposure of the PV receiver to incident irradiance.  Correcting for temperature in this case 
will have minimal effects.  Comparing the results obtained from receiver 2 in figure 5.5 and table 5.2 
one observes that there is a definite drop-off in the knee of the I-V curve from one-sun to concentrated 
illumination.  This will lead to a limitation to the maximum power that can be obtained from the PV 
receiver under concentrated illumination.  The Isc increased from 1.29 A under one-sun to 6.08 A 
under concentration.  This is a concentration factor of 4.71 X, which is in the same range as what was 
obtained with receiver 1.  The maximum power obtained from receiver 2 increased from 1.53 W 
under one-sun to 4.34 W under concentration, giving a concentration factor of 2.84 X.  Further 
investigation was needed to explain the decrease in fill factor as well as maximum power as seen from 
the results obtained from receiver 2.  This will be discussed in section 5.3. 
5.1.2 Optical Characterisation of First Vertical Receiver LCPV Module Prototype  
5.1.2.1 Objective 
To enable an optical characterisation of the system the illumination profile must be obtained and its 
uniformity investigated with respect to the width and length of the receiver area.  This experiment was 
done to validate the theoretical model. 
Parameters X= 1 X= 6 
Isc 1.29 A 6.08 A 
Voc 1.86 V 1.93 V 
Imp 1.16 A 4.24 A 
Vmp 1.32 V 1.02 V 
Pmax 1.53 W 4.34 W 
Temp 23.2° C 26.0°C 
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5.1.2.2 Methodology 
The optical characterisation was done by digitizing a photograph taken of the receiver plane under 
concentrated illumination and analysing it using a software package called Image J [45].  The 
software analyses the brightness of each pixel and creates a surface plot of brightness vs. position in 
the receiver plane.  By doing this the uniformity of the illumination could be evaluated. This 
experiment was conducted on a clear day when irradiance was constant. 
5.1.2.3 Results 
 The photograph and digitized image are shown in figures 5.6 and 5.7, respectively. The effects of 
misalignment of optical elements as well as lensing are visible in figure 5.7, due to the narrow high 
intensity band with adjacent steps in intensity found on either side.  
 
Figure 5.6: Photograph of illumination profile obtained on receiver due to the eight reflectors. 
 
 Figure 5.7: Digitised image of the illumination profile obtained under illumination of the 
receiver. Z axis depicts relative intensity. 
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The illumination intensity distribution obtained from the concentration is non-uniform as can be seen 
in figures 5.6 and 5.7, this will have a definite impact on the results of the electrical performance 
obtained from the concentrator.  The non-uniformities can be seen by the light and dark regions in the 
photograph, figure 5.7.  This non-uniformity in the illumination distribution is caused by small 
misalignment of the reflector facets.  From section 2.7 it was observed that misalignment of reflector 
facets in an optical subsystem lead to steps in the illumination profile being formed, these can be 
observed on both sides of the narrow high intensity band.  The narrow high intensity band that is 
observed from the surface plot of the illumination distribution in figure 5.7 also indicates 
misalignment of facets and showing a small overlapping of facets to form this high intensity band.  It 
should be noted that the performance of the LCPV module will be dependent on the uniformity of the 
illumination on the solar cells.  Non-uniformities in the illumination profile will result in current 
mismatch between the cells of the receiver.  Mismatch usually occurs when there is a variation in the 
intensity profile along the string of the series-connected cell string, resulting in a variation in the 
current contribution of each cell.  The electrical performance of the receiver will then be reduced, 
with the cell producing the lowest current (i.e. cell receiving least amount of irradiance) being the 
limiting cell. 
5.1.3 Conclusions 
The initial testing illustrated promising results when considering the electrical performance of the PV 
receiver, as well as the necessity of an optical configuration to provide a uniform illumination profile.   
Optical losses and misalignment of optical elements lead to a reduction in concentration levels and 
thus performance.  The fact that the prototype did not reach the expected concentration levels can be 
largely attributed to inaccuracies in the construction and optical losses of the faceted reflector.  These 
inaccuracies originate due to the difficulty in construction of a frame-structure for this design.  The 
particular concentrator design requires a unique frame structure, with each individual facet having its 
own orientation, resulting in a complex frame.  For this design the reflector facets are far away from 
the receiver, thus any small misalignment of the facets have an amplified effect on the illumination 
profile resulting in non-uniformities.  Non-uniformities will reduce the concentration level of 
irradiance obtained upon the receiver area.  The design of the LCPV module therefore needs to make 
allowance for manufacturing tolerance levels that can practically be achieved.  The difference in 
electrical performance between receiver 1 and receiver 2 under concentration will be investigated in 
the following sections. 
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5.2. Effects of Series Resistance. 
5.2.1 Objective 
From the preliminary results it was observed that the concentration factor on power was limited by 
some physical aspect in the receiver.  An investigation was required to further characterise the drop-
off in the knee of the I-V characteristic that was observed leading to the limitation of obtaining high 
concentration factors on maximum power.  Clarification was required to why this was mostly present 
in receiver 2.  
5.2.2 Methodology 
A parameter extraction programme was used to obtain the electrical parameters of the I-V 
characteristics of both receivers, under one-sun as well as under concentrated illumination.  This 
parameter extraction programme fits an I-V characteristic to given current-voltage data using the one-
diode model equation.  From this characteristic the parameters of the characteristic can be extracted. 
These device parameters are; short-circuit current, open-circuit voltage, shunt resistance, series 
resistance, ideality constant, saturation current and power.  
5.2.3 Results 
This parameter extraction was performed on the current-voltage data under one-sun as well as under 
concentrated illumination conditions for both receivers.  These parameters were used with the 
simulation programme to simulate the I-V characteristics such that each individual parameter can be 
varied and its effect on the I-V characteristic observed. Figure 5.8 illustrates the simulation of these 
curves for receiver two under one-sun as well as under concentrations.  The difference between the 
experimental curve and the simulated curve close to Voc is due to the fact that the modelling 
programme that was used did not take temperature effects into account.  
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Figure 5.8: Simulation of I-V characteristics of receiver 2 under one- sun (Left) and under 
concentrated illumination (Right). 
 
After the simulation of these I-V characteristics for these particular device parameters, the effects of 
each of these parameters were investigated by means of varying them individually.  For the I-V 
characteristic simulated under concentrated illumination it was found that the limiting factor on the 
power obtained from the receiver was due to the high series resistance of receiver 2.  Receiver 2 had a 
much higher series resistance than the series resistance of receiver 1.  This was not evident in the one-
sun characteristic and had a minimal effect due to the low currents at one-sun conditions.  Under 
concentrated illumination the receiver produces currents of almost 5 X the currents produced under 
one-sun conditions, this increase of almost 5 X will have a quadratic effect on the I-V characteristic 
due to the power loss term from series resistive sources (I
2
Rs).  Receiver one did not illustrate similar 
behaviour to receiver two, this was due to the lower current levels found in receiver one as well as a 
lower series resistance. 
5.2.4 Conclusions 
High series resistance accompanied by high currents in receiver 2 lead to a limitation in the maximum 
power obtained from the receiver under concentrated illumination.  These higher currents in receiver 2 
are present due to the layout of the receiver. Receiver 2 consisted of larger cells with only three cells 
in a string,  Receiver 1, however, had smaller cells producing smaller currents, but more cells 
connected in series to form a string, resulting in lower currents.  These high currents under 
concentration drastically increase the resistive loss power term        and this creates a decrease in 
the maximum power and fill factor obtained from the receiver.  In LCPV it is non-ideal to include 
receivers with high current levels as well as high series resistance, even receivers with an acceptable 
series resistance can be inappropriate for LCPV application when operating at high current levels. 
Experimental curve  
Simulated curve    
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5.3. Second Vertical Receiver LCPV Module Prototype  
The second LCPV module was built in an effort to improve the optical alignment of the first one and 
was installed on the solar tracker. The optical elements were aligned to obtain the best possible 
illumination profile on the PV receiver. Receiver 1 was installed in the concentrator and the I-V 
characteristics were obtained for both one-sun and concentrated illumination. Figure 5.9 shows a 
graphical illustration of the prototype. 
 
 
Figure 5.9: Graphical illustration of second vertical receiver LCPV module prototype. (Figure 3.9) 
5.3.1 Electrical Characterisation of Second Vertical Receiver LCPV Module Prototype  
5.3.1.1 Methodology 
Similar electrical characterisation was conducted for the second vertical receiver LCPV module 
prototype as was done for the first module.  Only receiver 1 was considered for the electrical 
characterisation due to the large series resistance of receiver 2.  I-V characteristics were obtained 
under one-sun as well as under concentrated illumination.  
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5.3.1.2 Results 
Figure 5.10 shows the I-V characteristics of receiver 1 obtained by using the second LCPV prototype 
module. Table 5.3 lists a summary of the electrical parameters of the I-V characteristics. 
 
 
Figure 5.10: I-V characteristics from receiver 1using second vertical receiver LCPV module 
prototype. 
 
Table 5.3: Parameters extracted from I-V characteristics. 
 
 
 
 
 
 
 
A few alterations were made to the design of the first prototype in the construction of the second 
prototype.  These were; an increase in the parabolic reflector element width, and a 10 mm increase in 
illuminated area width on the receiver. From the model, a theoretical concentration ratio of 5.8 X was 
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Parameter XG: 1 X XG: 5.8 X 
Isc 0.18 A 0.97 A 
Voc 8.29 V 8.34 V 
Impp 0.13 A 0.69 A 
Vmpp 5.97 V 5.35 V 
Pmax 0.79 W 3.71 W 
Temp 34.3ᵒ C 46ᵒ C 
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expected.  The I-V characteristics showed an increase in Isc from 0.18 A under one sun to 0.97 A 
under concentration, which when calculated returns an experimental concentration ratio of X = 5.34.  
Investigating the maximum power obtained from receiver 1, it is observed that it increases from 0.79 
W under one sun to 3.71 W under concentration, which yields a power factor of X = 4.7.  This 
increase is less than the increase that was obtained in the short circuit current.  The reason for this is 
that receiver 1 also shows the effects of series resistance under concentration.  The reason for the 
lower increase in power than the increase in current is due to the high temperature of the receiver 
leading to a reduction in voltage which will decrease the power.  The one-sun I-V characteristic was 
obtained with a receiver temperature of 34ᵒC, while under concentration the receiver’s temperature 
was 46ᵒC. An increase in temperature leads to a decrease in Vmpp.  These temperatures differed due to 
the inability to briefly expose the receivers to incident irradiance. 
5.3.2 Optical Characterisation of Second Vertical Receiver LCPV Module Prototype  
5.3.2.1 Objective 
An investigation of the illumination intensity distribution across the receiver area was required to 
optically characterise the LCPV prototype module and to investigate the illumination intensity 
patterns created by the reflectors and identify any irregularities which may cause loss in electrical 
performance of the module.  This experiment would also validate the theoretical model. 
5.3.2.2 Methodology 
The optical elements were aligned such that the best possible illumination distribution across the PV 
receiver was obtained.  This optical characterisation was done by digitizing a photograph taken of the 
receiver plane under illumination and analysing it using a software package called Image J [45].  The 
software analyses the brightness of each pixel and creates a surface plot of brightness vs. position in 
the receiver plane.  By doing this the uniformity of the illumination on the receiver could be 
evaluated.  
5.3.2.3 Results 
The photograph and digitized image are shown in figures 5.11 and 5.12, respectively. 
 
95 
 
     
Figure 5.11: Photograph of Illumination profile on the receiver area obtained from reflector element. 
 
 
Figure 5.12: Digitised image of the illumination profile obtained under illumination. 
When comparing the illumination profiles of figure 5.12 (prototype 2) with that of figure 5.7 
(prototype 1) it appears that the illumination profile has improved.  A broader high intensity peak is 
found over the PV receiver area.  Steps along the edges of the illumination profile are still visible 
indicating small misalignments of the optical elements of the system.  A third vertical receiver LCPV 
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module prototype was constructed with the aim of further improving the illumination profile across 
the PV receiver area. 
5.3.3 Conclusions 
The results obtained from the electrical and optical characterisation indicate that the second prototype 
yields a drastic improvement from the first constructed prototype.  This is shown in the improvement 
of the illumination profile obtained across the PV receiver surface when compared to the illumination 
profile of the first prototype.  The concentration factor obtained was closer to the theoretical expected 
concentration level which indicates better alignment of optical elements as well as a decrease in 
optical losses.  Further study is required to obtain a more uniform illumination profile and improve on 
the accuracy of the experimental concentration factor.  
5.4. Vertical Receiver Design vs. Horizontal Receiver Design. 
One of the main reasons for the difficulty in obtaining a uniform illumination profile with the vertical 
receiver design is that the facetted reflector element is far away from the PV receiver.  This enhances 
the effect of small misalignment of any of the optical elements.  This large distance also increases the 
effect of lensing from each facet.  These factors lead to the consideration of a second design, which 
would counteract these factors.  The horizontal receiver design (as discussed in section 3.2.2) was 
chosen to be tested and compared to the vertical receiver design.   A third improved vertical receiver 
LCPV module was constructed together with a horizontal receiver LCPV module.  Similar material 
and techniques were used in the construction of these modules so that they could be compared using 
optical and electrical characterisation. 
 
5.4.1. Third Vertical Receiver LCPV Module Results 
From the previous sections the difficulties with the vertical receiver design was clearly observed, 
these being alignment issues, optical losses, etc.  Due to these factors and the illumination profile 
obtained from the second vertical receiver prototype, a third vertical receiver prototype was 
constructed to further obtain a much broader and uniform illumination profile across the receiver area. 
Figure 5.13 shows a photograph of the constructed vertical receiver LCPV module showing the 
facetted reflector, as well as the heatsink attached to the back of the PV receiver.  This module has a 
geometrical concentration 4.61 X. 
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 Figure 5.13: Photograph of vertical receiver LCPV module. (Figure 3.11)  
5.4.1.1 Optical Characterisation 
The objective of the optical characterisation of the third vertical receiver LCPV module was to 
analyse the optical subsystem created from the model and by doing that also prove that the model is 
accurate. 
The illumination distribution from the reflector elements was analysed by reflecting the illumination 
onto a black surface and taking a photograph of the illumination with a digital camera.  The black 
surface was placed in the same position as the receiver while the contribution of each facet was 
analysed.  The intensity photograph was then digitised using Image J software and a surface plot 
created of the intensity distribution of the illumination.  Figure 5.14 illustrates the digitized image 
showing illumination created by the whole reflector element.  Using a similar approach the 
contribution of each individual facet was also observed, these are listed in figures 5.15 – 5.19.  
The theoretical contributions of each individual facet were calculated from the model and compared 
to the experimental contributions of each facet.  The results are listed in table 5.4. 
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Table 5.4: Theoretical and experimental contributions of each facet. 
Facet number Experimental Concentration (X) Theoretical Concentration (X) 
1 0.84 0.99 
2 0.94 0.97 
3 0.88 0.93 
4 0.81 0.89 
5 0.79 0.83 
Whole reflector 4.26 4.61 
 
   
 
 
 
Figure 5.14: Two perspectives of a surface plot of an illumination profile obtained from whole 
reflector element. 
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Lensing will result when the facet is slightly curved giving a smooth gradual change in intensity 
across the receiver surface (Refer to section 2.7).  The smaller variations in the intensity probably 
result from small dents in the facet’s reflecting surface.  Lensing effects are visible in the obtained 
illumination profile, in figure 5.14, from the local high intensity spots, shown in the surface plot, 
across the illumination profile. 
These become more visible when investigating the illumination due to each facet individually.  The 
illumination is not ideal and uniform as is required and this will have a definite impact on the 
electrical performance of the PV receiver.  The geometrical concentration factor expected for this 
prototype was calculated to be 4.61 X, on analysing the electrical contribution due to the illumination 
created by the reflector the experimental concentration factor was found to be 4.26 X.  Optical losses 
and non-uniformities in the illumination profile caused the experimental concentration factor to be 
effectively lower than the geometrical concentration ratio from the model.  
 
 
Figure 5.15: Illumination profile obtained from the first facet. 
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The illumination profile from the first facet was found to be drastically non-uniform, the high 
intensity peaks created at the edges (shown on graph) of the receiver and minimum at the middle are 
due to the effects of lensing.  The smaller variations in the intensity probably result from small dents 
in the facet’s reflecting surface.  Light rays intended to be reflected towards the middle of the receiver 
area are being diverged and are converging along the edges of the PV receiver area.  This explains the 
valley being created in the middle of the receiver area.  From the model the first facet (see facet 
numbering figure 5.13) theoretically contributes the most to the illumination profile of the whole 
reflector, which was calculated to be 0.99 X.  The first facet contributes the most due to its viewing 
angle being the smallest, resulting that the x-component of this facet is the largest.   From the 
electrical data the drastic non-uniformity in the illumination profile from the first facet led to a lower 
electrical contribution of only 0.84 X.  The non-uniformities will definitely have an impact on the 
electrical contribution from this facet.  Due to convex lensing effects (chapter 2) some of the 
illumination did not fall on the PV receiver, this will also cause this decrease in electric yield from 
this facet.  
 
 
Figure 5.16:  Illumination profile obtained from the second facet. 
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The illumination profile obtained from the second facet is much more uniform than the illumination 
profile obtained from the first facet.  This will lead to a good electrical contribution from this facet.  A 
minimum is also found in the middle of the PV receiver area (indicated on the plot), this however is 
not as drastic as the one obtained from the first facet and the effect on the electrical performance of 
the receiver is minimal.  This is shown in table 5.4 by the electrical contribution from the second facet 
of 0.94 X, where theoretically its contribution was calculated to be 0.97 X.  The second facet has 
contributed the largest part of the concentration due to its uniform illumination profile.  The negative 
effects of non-uniform illumination can be seen when comparing the results of the first facet and those 
of the second facet.  
 
 
Figure 5.17: Illumination profile obtained from the third facet. 
Small damage to the reflector surface has led to a few higher intensity spots on the illumination 
profile, although the illumination is generally uniform across the PV receiver area.  The uniformity of 
the third facet can also be noted from table 5.4 from the experimental concentration contribution 
obtained by investigating the electrical contribution of the facet.  The theoretical contribution was 
found to be 0.93 X, however, experimentally 0.88 X was observed from this facet.  
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Figure 5.18: Illumination profile obtained from fourth facet. 
The illumination created by the fourth facet was a lot narrower than expected.  This is due to  a slight 
bending of the facet.  This is not observed in the electrical contribution of the fourth fact as its 
contribution is close to what was predicted by the model.  The non-uniformity created by the bending 
of the facet was similar across all the cells such that no mismatch was created.  Local maxima and 
minima are created on the illumination profile as seen on the surface plot.  
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Figure 5.19: Illumination profile obtained from the fifth facet. 
The illumination profile obtained from the fifth facet is uniform along the length of PV receiver area 
as well as along the width.  This indicates no lensing effects on the facet or physical damage to the 
facet. The uniformity of the illumination created by the facet can be observed from the experimental 
contribution of concentration, 0.79 X, which is accurate to the theoretical contribution of 0.83 X.  The 
illumination profile obtained from the third prototype is more uniform and flatter than that of the 
second prototype (Figure 5.12), this accounts for better electrical performance from the PV receiver.   
5.4.1.2 Electrical Characterisation 
The purpose of the optical subsystem is to maximise the electrical output from the electrical 
subsystem.  As described in the previous chapter (chapter 4), receivers were made to analyse the 
LCPV module.  These were in a 3, 4, 6 and 8 series cell string configuration.  The total cell area was 
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kept constant to  124.8 cm
2
, although the cell sizes were made smaller and the number of cells in 
series increased.  This experiment was conducted to find the optimal PV receiver configuration for the 
vertical LCPV module. 
The receivers were each tested under one-sun conditions as well as under concentrated illumination.  
From the I-V characteristics obtained of the 3, 4, 6 and 8 cell string configurations important 
parameters were obtained and investigated for a comparison to be made between all of these 
receivers.  The I-V characteristics and the electrical parameters of the various PV string 
configurations can be seen in figures 5.20, 5.21, 5.22 and 5.23.  The I-V characteristics were 
normalised to standard test conditions (STC), these are 1000 W/m
2
 and 25° C. 
Figure 5.20: I-V characteristics of 3 cell string configuration normalized to STC. 
Figure 5.21: I-V characteristics of 4 cell string configurations normalised to STC. 
 
  
 
 1 X 4.61 X 
Isc 1.47 A 6.04 A 
Voc 1.77 V 1.89 V 
IMP 1.29 A 4.56 A 
VMP 1.39 V 1.08 V 
PMAX 1.77 W 4.92 W 
Temp 25°C 25°C 
Series Resistance 0.042Ω 
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Isc 1.10 A 4.60 A 
Voc 2.42 V 2.58 V 
IMP 0.94 A 3.88 A 
VMP 1.88 V 1.71 V 
PMAX 1.78 W 6.63 W 
Temp 25°C 25°C 
Series Resistance 0.040Ω 
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Figure 5.22: I-V characteristics of 6 cell string configuration normalizes to STC. 
 
 
Table 5.5, shown below, lists the concentration factors achieved on short-circuit current with each cell 
string configuration, including the series resistance using the LCPV module. 
 
 1 X 4.61 X 
Isc 0.75 A 3.11 A 
Voc 3.55 V 3.75 V 
IMP 0.65 A 2.75 A 
VMP 2.72 V 2.57 V 
PMAX 1.78 W 7.09 W 
Temp 25°C 25°C 
Series Resistance 0.070Ω 
 
 1 X 4.61 X 
Isc 0.55 A 2.34 A 
Voc 4.79 V 5.05 V 
IMP 0.49 A 2.07 A 
VMP 3.81 V 3.50 V 
PMAX 1.89 W 7.25 W 
Temp 25°C 25°C 
Series Resistance 0.048Ω 
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Figure 5.23: I-V characteristics of 8 cell string configuration normalized to STC. 
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Table 5.5: Isc concentrations obtained for receivers used. 
PV receiver RS (Ω) Concentration Factor (Isc(Concentration)/Isc(one-sun)) 
3 0.042 4.19 
4 0.040 4.19 
6 0.070 4.20 
8 0.048 4.26 
 
3 cell string I-V characteristic.  Figure 5.20 shows an increase in Isc from 1.49 A to 6.04 A under 
concentrated illumination (normalised to STC).  This indicates an increase of 4.19 X on short circuit 
current.  The maximum power obtained from the receiver increased from 1.77 W to 4.92 W, showing 
an increase of 2.78 X.  The increase of power is lower than that of short circuit current due to the 
series resistance of the receiver accompanied by the high current levels of the receiver under 
concentrated illumination.  With the high currents obtained under concentrated illumination the effect 
of resistive losses increase drastically and this leads to power loss from the receiver.  The fill factor of 
the receiver under one-sun conditions was 66.7% and under concentrated illumination 43.0 %.  The 
receiver was found to have a series resistance of 0.042 Ω. 
4 cell string I-V characteristics.  The I-V characteristics of the 4 cell string configuration  illustrate 
an increase from 1.1 A to 4.6 A on Isc  under concentrated illumination.  This shows an increase of 
4.19 X.  On maximum power an increase of 3.72 X was obtained from 1.78 W to 6.63 W.  The fill 
factor decreased from 66.8 % to 55.7 % under concentrated illumination.  The power obtained with 
the 4 cell string is more than that was obtained with the 3 cell string.  The series resistance of the 4 
cell string configuration as found to be 0.040 Ω, this shows that the lower current levels reduced the 
effect of resistive losses. 
6 cell string I-V characteristics. From figure 5.22 the I-V characteristics of the 6 cell string 
configuration can be investigated.  The figure shows that the Isc increased from 0.75 A to 3.11 A, 
increasing by a factor of 4.2 X.  The maximum power increased from 1.77 W to 7.09 W.  This shows 
an increase of 4.01 X.  The fill factor of the module decreased from under one-sun conditions 66.4 % 
to 60.7 % under concentrated illumination.  The series resistance was calculated to be 0.070 Ω, 
although the series resistance was higher than that of the 3 and 4 cell configuration the power of the 6 
cell configuration was higher.  This is due to the lower current levels in the 6 cell configuration 
leading to lower resistive losses. 
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 8 cell string I-V characteristics.  Figure 5.23 shows that the Isc increased from 0.55 A to 2.34 A 
showing an increase of 4.26 X.  When comparing this to the maximum power obtained it is found that 
the maximum power only increased from 1.89 W to 7.25 W under concentrated illumination yielding 
an increase of 3.83 X.  The 8 cell string configuration yielded the highest power than any other of the 
receivers.  The fill factor decreases due to concentration from 71.7 % to 61.2 %.  This receiver was 
found to have a series resistance of 0.048 Ω.  The 8 cell string configuration yielded the best results 
under concentrated illumination, making it ideal for LCPV application. 
A summary of the power and fill factor of each of the various receivers under one-sun as well as 
concentrated illumination was made.  Figure 5.24 illustrates the power that each of the receivers 
obtained and figure 5.25 shows the fill factor of each receiver. 
 
 
 
 
Figure 5.24: Power vs. number of cells. 
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Figure 5.25: Fill factor vs. number of cells. 
  
Figure 5.24 shows that the effect of resistive losses decrease as the current levels of the receivers 
decreases, this can be observed from the higher power yields from the receivers as the individual cell 
size decreases.  The 8 cell receiver under one-sun as well as under concentraed illumination yielded a 
higher power than the other receivers, for the same total cell area.  Figure 5.25 shows a similar trend 
when investigating the fill factor values of all the recivers under one-sun as well as concentrated 
illumination.  The results illustrate that low-current-high-voltage string configurations yield a higher 
power and fill factor under one-sun and under concentration.  The trend of using smaller cells but 
more in series to yield higher power from the receiver does tail off due to increase in series resistance 
of the strings.  This increase in series resistance originates due to the extra metal-semiconductor 
contacts that are formed by adding more cells in series.  It is important to the find the optimal point 
between number of cells in series and size of cells when constructing a PV receiver.  Low-current-
high-voltage receivers that yield better electrical performance are more ideal in a LCPV system. 
5.4.2. First Horizontal Receiver LCPV Module Results 
Figure 5.26 shows a photograph of the horizontal receiver LCPV module that was constructed and 
described in chapter 4.  This figure also illustrates the description of the facet pairs that will be used as 
characterisation tool in the next section.  The inset in the figure shows the PV receiver under 
concentrated illumination.  This module has a geometric concentration of 5.3 X. 
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Figure 5.26: Photograph of horizontal receiver LCPV module. 
 
5.4.2.1 Optical Characterisation 
For the optical characterisation of the horizontal receiver LCPV module the illumination profile was 
investigated in three different ways.  Firstly the contribution of the whole reflector element, then the 
contribution of the left side vs. the contribution from the right side and finally the contribution of each 
of the 3 facet pairs.  The optical elements were aligned such that the best possible illumination 
distribution across the PV receiver area was obtained.  As before, the optical characterisation was 
done by digitizing a photograph taken of the receiver plane under illumination and analysing it using a 
software package called Image J [45].  Line scans over certain parts of the receiver was obtained and 
investigated to evaluate  the uniformity of the illumination could be evaluated.  Figure 5.27 shows the 
illumination intensity profile obtained from the whole reflector element.  The illumination profiles 
obtained from the left side is shown in figure 5.28, and the illumination profile obtained from the right 
side reflector is shown in 5.29.  The experimental contributions to the concentration due to each of 
these were determined by considering the electrical contribution of the whole reflector element, the 
right side reflector and the left side reflector.  The experimental contributions along with the 
theoretical contributions (geometrical contribution) from the model are listed in table 5.6. 
 
 
|             | 
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Reflector Facets 
PV receiver 
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Table 5.6: Theoretical and experimental contributions of left and right reflector. 
 Experimental Concentration (X) Theoretical Concentration (X) 
Leftside: 2.47  2.65 
Rightside: 2.46 2.65 
 
 
 
 
 
 
 
 
Figure 5.27: Surface plot of illumination intensity due to whole reflector element. 
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From the figure a much improved illumination profile is observed, having a wide high intensity band  
along the length of the receiver area. Along the length of the receiver area the illumination intensity is 
relatively uniform.  In the interval of 0 – 8cm the intensity is slightly lower, than for the other parts of 
the illumination profile, this is due to the minor bending along the length of the facet causing light to 
diverge from this interval and be scattered.  This however has imposed a minimal effect on the 
electrical performance of the receivers as is listed in table 5.7, showing a concentration of 5.01 X 
obtained experimentally where 5.30 X was expected theoretically.  
To further investigate the illumination intensity profile on the receiver, a comparison was made of the 
contributions of the left side and right side of the reflector element.  Using a similar approach the 
illumination profiles were obtained.  Figure 5.28 shows the intensity profile of the contribution of the 
left side reflector.   
 
 
  
Figure 5.28: Surface plot of illumination intensity due to left reflector. 
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The profile shown in figure 5.28 is relatively uniform and flat across the width of the receiver area, 
however, along the length of the receiver area a step down is found in the illumination profile.  This 
variation in intensity level should lead to loss in electrical performance due to small current cell 
mismatch being created.  From the electrical contribution of the left side reflector the experimental 
concentration contribution can be calculated.  The theoretical contribution (geometrical concentration 
ratio) of the left side reflector from the model is calculated to be 2.65 X, while experimentally a 
contribution of 2.47 X was observed.  It is important to note that the theoretical contribution from the 
model does not account for optical losses in the reflective material. The left side reflector was now 
covered so that the illumination created by the right side reflector could be investigated and compared 
to the left side reflector. Figure 5.29 shows the illumination profile created by the right side reflector.  
 
 
Figure 5.29: Surface plot of illumination intensity due to right reflector. 
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When comparing the two photographs of the illumination profiles it is clear that the illumination from 
the right side reflector is much more uniform than from the left side reflector.  The illumination 
created from the right side reflector is ideally what is required to obtain optimal electrical 
performance by the receiver.  The model predicted a theoretical contribution (geometrical 
concentration ratio) of 2.65 X by the right side reflector, while experimentally 2.46 X was obtained 
which was calculated by investigating the electrical contribution of the right side reflector. 
From the photographs of the illumination profile of the left and right side reflectors an arbitrary line 
across the width of the PV receiver area was chosen to perform a line scan on.  These line scans are 
shown in figure 5.30 and was done to  do a more detailed investigation of the uniformity of the 
illumination profile across the width of the receiver area from the two sides of the reflector.  
 
 
Figure 5.30: Line scans obtained at arbitrary focal line. 
The figure shows the illumination profile created from the left and right side reflector is uniform and 
the ripples found in the line scans are due to imperfection on the reflector surface as well as dirt 
dispersing reflected light.  The high intensity peak from the right side reflector is created due to a 
small circular dent on one of the facets, this dent leads to light incident upon it to be reflected and 
converge upon this single point creating a maxima. 
The next experiment was the investigation of the contribution of each facet pair.  Figure 5.31 shows 
the extracted line scans from the illumination profiles from each facet pairs.  Table 5.7 lists the 
measured concentration values of each facet pair and theoretical concentration values  (geometrical 
concentration ratios) obtained from the model. 
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Figure 5.31: Illustration of the contribution of each facet pair. 
 
Table 5.7: Contributions of each facet pair. 
Facet Pair 
Experimental 
Concentration (X) 
Theoretical Concentration 
(X) 
First 1.95 1.95 
Second 1.65 1.78 
Third 1.52 1.57 
 
From the graph the solid lines illustrate the experimental contribution of each of the facet pairs in the 
system and the dotted lines illustrated what was theoretically expected by taking into account the 
geometry of the facet pairs.  The noise in the experiemental data is due to small damages to the 
reflector surfaces as well as dust on the reflecting surfaces leading to scattering of incident light.  The 
first facet pair contribution is close to what is expected theoretically.  The data shows a non-flat 
surface with two high intensity regions being found at the edges and a lower intensity in the centre of 
the profile. This is due to small bends (bowing of facet) in the facets leading to light being diverged 
away from the centre of the illumination profile and illuminating at a new position, i.e. at the edges.  
The second facet pair contributed a concentration factor of 1.65 X, where 1.78 X was expected.  From 
the profile it can be seen that a higher intensity is found at the left side of the profile and a lower 
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intensity at on the right side of the profile.  Indicating light incident on the right side diverged after 
being reflected.  The third facet pair shows a similar profile to the first facet pair with two higher 
intensities found at the edges and a lower intensity in the centre of the profile.  A contribution of  
1.57X was expected and experimentally 1.52 X was obtained. The results follow the trend predicted 
from the model that calculates the first facet pair to be the best contributing facet pair and the third 
facet pair to be the least contributing facet pair  
5.4.2.2 Electrical Characterization  
The same four receivers, used for the third vertical receiver, were evaluated in this horizontal receiver 
LCPV module.  As explained previously the string configurations that were evaluated were as 
follows: 
 3 cell string 
 4 cell string 
 6 cell string 
 8 cell string 
 
All of these were tested to find the optimal cell string configuration for the LCPV module.  Important 
parameters were investigated such as maximum power and fill factor obtained from the receiver.  All 
these receivers were tested under one-sun illumination conditions as well as under concentrated 
illumination by making use of the I-V characteristics.  
Figure 5.32 illustrates the one-sun characteristics of the four string configurations to show their 
different electrical setups.  
 
Figure 5.32: Summary of one-sun I-V characteristics of receivers. 
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The different cell string configurations were tested in the concentrator system and the I-V 
characteristics measured under one-sun and concentration.  The results are shown in in figures 5.33, 
5.34, 5.35 and 5.36. The performance parameters are also listed in the figures.  
 
Figure 5.33: I-V characteristics of 3 cell string configuration normalised to STC. 
  
 
 
Figure 5.34: I-V characteristics of 4 cell string configuration normalised to STC. 
 
 
 1 X 5.3 X 
Isc 1.47 A 7.30 A 
Voc 1.82 V 1.89 V 
IMP 1.29 A 5.67 A 
VMP 1.41 V 1.12 V 
PMAX 1.81 W 6.39 W 
Temp 25°C 25°C 
Series Resistance 0.042Ω 
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Temp 25°C 25°C 
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Figure 5.35: I-V characteristics of 6 cell string configuration normalised to STC. 
 
 
Figure 5.36: I-V characteristics of 8 cell string configuration normalised to STC. 
 
Table 5.8, shown below, lists the concentration factors achieved on short circuit current as well as 
maximum power obtained for each cell string configuration using the LCPV module. 
 
 
 1 X 5.3 X 
Isc 0.75 A 3.58 A 
Voc 3.60 V 3.66 V 
IMP 0.65 A 2.95 A 
VMP 2.77 V 2.30 V 
PMAX 1.82 W 6.81 W 
Temp 25°C 25°C 
Series Resistance 0.070Ω 
 
 1 X 5.3 X 
Isc 0.55 A 2.76 A 
Voc 4.79 V 5.95 V 
IMP 0.49 A 2.31 A 
VMP 3.81 V 3.17 V 
PMAX 1.89 W 7.34 W 
Temp 25°C 25°C 
Series Resistance 0.048Ω 
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Table 5.8: Concentration obtained by each receiver. 
PV receiver 
Concentration Factor 
(Isc(Concentration)/Isc(one-sun)) 
Power Factor 
(PM(Concentration)/PM(one-sun)) 
3 4.90 X 3.53 X 
4 5.01 X 3.68 X 
6 4.80 X 3.74 X 
8 5.01 X 3.88 X 
 
3 cell string I-V characteristics.  From the I-V characteristics shown in figure 5.33 an increase in Isc 
from 1.49 A to 7.3 A occurs under concentrated illumination (normalised to 1000 W/m
2
 and 25°C).  
This indicates an increase of 4.9 X on short circuit current.  The maximum power obtained from the 
receiver increased from 1.81 W to 6.39 W, showing an increase of 3.53 X.  The increase of power is 
lower than that obtained on short-circuit current due to the limiting effects of series resistance in the 
receiver.  With the high currents obtained under concentrated illumination the resistive losses increase 
drastically and this leads to power loss from the receiver.  The fill factor of the receiver under one-sun 
conditions was 68 % and under concentrated illumination 46.2 %.  The receiver has a series resistance 
of 0.042 Ω, the same receivers were used during these experiments to account for consistency in 
results. 
4 cell string I-V characteristics.  The I-V characteristics of the 4 cell string 
configuration         (figure 5.34) shows an increase from 1.1 A to 5.5 A on Isc  under concentrated 
illumination.  This shows an increase of 5.0 X. On maximum power an increase of 3.68 X was 
obtained from 1.82 W to 6.70 W.  The fill factor decreased from 68 % to 48.96 % under concentrated 
illumination.  The power obtained with the 4 cell string is more than that was obtained with the 3 cell 
string. The series resistance of the 4 cell string configuration as found to be 0.040 Ω. 
6 cell string I-V characteristics.    Figure 5.35 shows the I-V characteristics of the 6 cell string 
configuration.  From the graph the Isc increased from 0.75 A to 3.58 A, increasing by a factor of 4.8 X. 
The maximum power increased from 1.82 W to 6.81 W.  This shows an increase of 3.74 X.  The fill 
factor of the module decreased from under one-sun conditions 67 % to 51.87 % under concentrated 
illumination.  It is clear that the power obtained from this receiver is greater than that was obtained 
with the 4 cell receiver as well as the fill factor under concentrated illumination.  It is important to 
note that the series resistance of this receiver was found to be almost double than the series resistance 
of the other modules.  The series resistance of this module was found to be 0.070Ω. 
8 cell string I-V characteristics.  Upon further investigation of the I-V characteristics (figure 5.39) it 
was found that the Isc increased from 0.55 A to 2.76 A showing an increase of 5.01 X.  When 
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comparing this to the maximum power obtained it is found that the maximum power only increased 
from 1.89 W to 7.34 W under concentrated illumination yielding an increase of 3.88 X.  The 8 cell 
string configuration yielded the highest power than any other of the receivers.  The fill factor 
decreases due to concentration from 72.0 % to 53.6 %.  This receiver was found to have a series 
resistance of 0.048 Ω.  This receiver was found to function the best under concentration as it yields 
the highest power than all the other modules as well as has the highest fill factor. 
From the results obtained from the I-V characteristics the receivers were investigated with respect to 
fill factor as well as maximum power obtained from each receiver.  The results illustrated the limiting 
effect that series resistance creates on the power obtained from the receivers under concentration. 
Under one-sun conditions when current levels were low the effect was minimal, but under 
concentration when current levels rise by 5 X it was shown to have a drastic effect, which is due to the 
rise in value of the power loss due to resistive sources I
2
RS.  This limiting effect on the power can be 
observed in figures 5.37 and 5.38, which shows the relationship between the power and number of 
cells as well as the fill factor and number of cells. 
 
 
 
Figure 5.37: Power vs. number of cells. 
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Figure 5.38: Fill factor vs. number of cells. 
From figure 5.38 it can be seen that the cell string configuration with the most cells connected in 
series obtained the highest fill factor.  As the cell sizes increased and the number of cells connected in 
series decreased so did the fill factor decrease, this was observed under one-sun as well as under 
concentrated illumination. This decrease is due to the series resistances found in these receivers, under 
one-sun their effects might be minimal, but under concentration where current levels are increase up 
to 5 X the effect of this series resistance is amplified and this is illustrated in the data. Figure 5.37 
shows that the 8 cell string configuration obtained the best maximum power.  The results illustrate 
that low current-high voltage cells yield a higher power and fill factor under one-sun and under 
concentration.  Low current high voltage receivers that yield better electrical performance are more 
ideal in a LCPV system. One of the reasons for them being more suiteable for LCPV purposes is that 
under concentration the current increases, which leads to an increase in the effect of series resistance, 
which decreases power and fill factor.  It is important to find the optimal point between number of 
cells in series and the size of each individual cell. This effect of increase in power due to smaller cells 
but longer strings tails off due to the series resistance of the string increasing due to additional metal-
semiconductor contacts.  Earlier in this chapter the optical contribution of the left side and the right 
side of the reflector were investigated, by looking at the illumination profile created by each of these 
sides.  Using the 8 cell string configuration the electrical contribution of the left and right side of the 
reflector were investigated.  These contributions were also compared to the electrical output of the 8 
cell string configuration when using the whole reflector.  The I-V characteristics of the left side, right 
side and whole module are shown in figure 5.39. This figure shows that the left and right side 
reflector contributes the same amount to the total concentration of the system. 
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Figure 5.39: Illustration of the contribution of the left and right reflector. 
5.4.3 Conclusions 
The optical subsystem constructed for the vertical receiver design illustrated a complete validation of 
the theoretical model.  The 2D illumination profile obtained from the reflector element was found to 
contain non-uniformities, these non-uniformities are caused by  lensing effects from the facets as well 
as damage on the facet surface.  These lensing effects and protrusions are as a result of construction of 
the module and did not originate from the model.  No noticeable trends were apparent to suggest that 
the model inaccurately predicts the illumination profile. The contribution of each facet towards the 
total illumination profile was investigated and it was found that the model accurately indicated the 
contributions from each facet as well as the total concentration obtained.  The reflectors clearly 
project a non-uniform illumination profile and this is non-ideal and more optimisation is required.  
This LCPV module has a high aspect ratio (height to width ratio of reflector) w.r.t the optical 
reflector, which is not ideal especially when implementing in windy conditions. 
Based on Isc the 3 cell string configuration yielded a concentration of 4.19 X on concentration.  The 4 
cell string configuration obtained an increase of 4.19 X on short circuit current.  An increase of 4.20 X 
was obtained when using the 6 cell string configuration and a concentration factor of 4.26 X was 
obtained with the 8 cell string configuration. A concentration factor of 4.61 X was expected on the 
geometry of the system, but this does not take into effect optical losses and non-uniformities leading 
to cell mismatch.  Receivers functioning at lower currents and higher voltages were found to be more 
suitable for LCPV application, because under concentration the current levels are lower reducing the 
effects of series resistance.  In receivers functioning at higher current and lower voltages the power 
obtained from the receiver is limited under concentration due to the effect of series resistance 
associated with high currents.  
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A second LCPV design was considered, this being the horizontal receiver LCPV module. The optical 
subsystem resulted in an improved more uniform illumination profile to the illumination profile 
obtained from the  third vertical receiver LCPV module prototype.  Non-uniformities were due to 
lensing effects on facets as well as protrusion on the facet surface.  The illumination profile was 
further investigated by considering the contribution from the left reflector as well as the right 
reflector.  The contribution of the left reflector was found to be 2.47 X where the right reflector 
contributed 2.46 X.  Theoretically 2.65 X is expected on geometry.  The individual facet pairs were 
investigated to observe their contribution to the total illumination profile obtained.  The results 
indicated that the highest contributions were observed with the facets closest to the receiver due to the 
small angle incidence of incoming light with the surface of the facet.   This is what is expected from 
the model. 
The same multi-cell receivers were also used to evaluate the horizontal receiver LCPV module.  A 
geometrical concentration ratio of 5.3 X was expected.  The 3 cell string configuration yielded a 
concentration multiplication factor of 4.80 X on ISC, the 4 cell string configuration obtained 5.01 X, 
the 6 cell string configuration obtained 4.9 X and the 8 cell string configuration obtained 5.01 X. The 
8 cell string configuration showed the best performance in both LCPV modules prototypes (vertical 
receiver and horizontal receiver).  This configuration obtained the highest power and fill factor for 
both modules.  This observation showed the ideal LCPV receiver to have characteristics of low 
currents and high voltage, such that the effect of series resistance can be optimised under 
concentration. When considering the obtained concentration factors from each of the designs 
(horizontal receiver and vertical receiver) the horizontal receiver LCPV module appeared to be the 
more feasible design. The horizontal receiver LCPV module geometrically has a concentration ratio 
of 5.30 X, experimentally 5.01 X was obtained.  The vertical receiver LCPV module had a 
geometrical concentration of 4.61 X, while experimentally the best concentration factor obtained was 
4.26 X.  The horizontal receiver LCPV prototype obtained experimental concentration factors of 5.01 
X which is 5.47 % below the geometric concentration factor.  The third vertical receiver LCPV 
prototype obtained an experimental concentration factor of 4.26 X; this is 7.59 % below the geometric 
concentration factor of the module. When considering all the results, these are the illumination 
profiles and the electrical performances of the two designs, then the horizontal receiver LCPV design 
is illustrated to be the more feasible design.  There are other factors which also support the feasibility 
of the horizontal receiver LCPV design. One of these are that the horizontal receiver design maintains 
a low aspect ratio (height to width ratio of reflector), which is favourable for windy conditions.  The 
distance between the receiver and the reflector is also less that in the vertical receiver design thus 
minimising the effects of lensing and optical misalignment.  However, both the vertical receiver 
LCPV design and the horizontal receiver LCPV design illustrated an improvement on  the V-trough 
concentrator.  
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5.5 Long Term Testing 
5.5.1 Objective 
This experiment was designed to observe the effect of degradation on the PV receivers operating 
under concentrated illumination for extended periods.  
5.5.2 Methodology 
This degradation is due to the high temperatures that are reached under concentrated illumination and 
notably the receivers had no form of lamination to prevent dust or dirt.  The aim was to try and 
observe if the PV receiver performance is affected after operating under stressed conditions, such as 
higher currents and higher temperatures when using a LCPV module.  It is important to note that the 
receivers made and used for experiments were bare cells on a back plate with no lamination to act as 
protection.  A heat sink was attached to the back of the receivers when undergoing the long term 
testing. This was done to simulate operating conditions.  The heat sink used for long term testing can 
be seen in figure 5.40. 
 
Figure 5.40: Photograph of receiver setup used in experiment. 
 
The heatsink used for the experiment had dimensions of 10 X 20 cm and was not optimised to suit 
thermal requirements.  Each receiver was placed under concentration for 30 sun hours, and an I-V 
characteristic was taken at every 5 sun hour interval.  The I-V characteristics were normalised to STC 
and with respect to open-circuit voltage and short-circuit current to investigate the origin of any signs 
of degradation of the receivers.  This experiment was conducted for the horizontal receiver 
concentrator system as well as for the vertical receiver concentrator system. 
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5.5.3 Horizontal Receiver LCPV Module Results 
The 3, 4, 6 and 8 cell string configurations that were used for electrical characterisation of the LCPV 
modules were used to evaluate the long term testing effects on the horizontal receiver LCPV module.  
The receivers were exposed to concentrated illumination for 30 sun hours each. 
The 3, 4, 6 and 8 cell string configurations were placed in the horizontal receiver LCPV module under 
concentrated illumination to operate for 30 sun hours.  Figures 5.41, 5.42, 5.43 and 5.44 illustrates the 
I-V characteristics obtained at every 5 sun hours from each receiver. 
 
Figure 5.41: I-V characteristics obtained every 5 sun hours for 3 cell string configuration. 
 
 
Figure 5.42: I-V characteristics obtained every 5 sun hours for 4 cell string configuration. 
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Figure 5.43:  I-V characteristics obtained every 5 sun hours of the 6 cell string configuration. 
 
Figure 5.44: I-V characteristics obtained every 5 sun hours of the 8 cell string configuration. 
The I-V characteristics of obtained every 5 sun hours for each of these receivers were normalised to 
STC and also to short-circuit current and open-circuit voltage.  The I-V characteristics all lie within 
close proximity of one another for each of the receivers and there are no obvious signs of any 
degradation of the receivers originating from the operation under long term stressed (high 
temperatures) conditions.  The long term testing of the receivers under operational conditions using 
the horizontal receiver LCPV module has not lead to any signs of degradation in the receivers and the 
receivers can still yield electrical performance similar to that which was obtained before long term 
testing. 
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5.5.4 Vertical Receiver LCPV Module Results 
After no signs of degradation in the electrical performance of the receivers were noticed after long 
term testing in the horizontal receiver LCPV module, the same receivers were placed in the vertical 
receiver LCPV module for a further 30 sun hours under operational conditions to evaluate for signs of 
degradation.  The I-V characteristics obtained at every 5 sun hour interval for each receiver is shown 
in figures 5.45, 5.46, 5.47 and 5.48. 
 
Figure 5.45: I-V characteristics obtained every 5 sun hours for the 3 cell string configuration. 
 
 
Figure 5.46: I-V characteristics obtained every 5 sun hours of the 4 cell string configuration. 
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Figure 5.47: I-V characteristics obtained at every 5 sun hours of the 6 cell string configuration. 
 
 
Figure 5.48: I-V characteristics obtained every 5 sun hours of the 8 cell string configuration. 
The figures show that the receivers maintained a constant electrical performance during the long term 
testing.  This is after the receivers were thermally stresses to high operating temperatures and the non-
uniformities in the illuminations profile which will lead to current cell mismatch.  From the figures no 
sign of degradation can be observed and it can be assumed that no damage has been inflicted upon the 
receivers. 
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5.5.5 Conclusions of Long Term Evaluation 
The 3, 4, 6 and 8 cell string configurations were tested under stressed operational conditions, using 
both concentrator modules (Horizontal LCPV module and vertical LCPV module).  The horizontal 
receiver LCPV modules was first used to provide the concentrated illumination for the receivers and 
each receiver was evaluated every 5 sun hour interval for a period of 30 sun hours.  No sign of 
degradation was present in the electrical performance of the receivers under these stressed operational 
conditions, which illustrates feasibility of the constructed optical and electrical subsystems. 
The vertical receiver LCPV module was used to provide concentrated illumination for the receivers as 
they were evaluated for another 30 sun hours in similar conditions to that in the horizontal receiver 
LCPV module.  After another 30 sun hours of evaluating the electrical performance of the receivers 
no sign of degradation was evident.  After 60 sun hours of exposure to stressed operational conditions 
the PV receivers did not show any sign of degradation due to high temperatures or any possible non-
uniformities in the illumination profiles and maintained a constant electrical performance. 
5.6  Conclusions 
In chapter 3 the necessary optical and electrical design considerations that need to be taken into 
account when designing a LCPV module were discussed.  The constructed prototypes and their 
physical parameters such as dimensions, geometrical concentration ratio, etc. were also included in 
chapter 3.  These constructed prototypes that were built from the specifications obtained from the 
theoretical models, were then evaluated by an optical characterisation of the optical subsystem and an 
electrical characterisation of the electrical subsystem.  The optical characterisation consisting of 
investigations of the illumination profiles obtained from the optical subsystem of the LCPV modules 
and the electrical characterisation was an investigation of the electrical performance of the LCPV 
modules.  
The first vertical receiver LCPV prototype was constructed having a geometrical concentration ratio 
of 6 X. After investigating the electrical performance of the module an increase of 4.53 X was found 
on Isc and 5.4 X on maximum power while using receiver 1.  When using receiver 2 an increase on Isc 
of  4.71 X was observed and on power a concentration factor of 2.84 X.  The illumination profile 
created from the reflector of the first vertical receiver LCPV module was investigated, initial results 
showed the illumination profile to contain a lot of non-uniformities with a narrow high intensity band 
which is non-ideal.  One of the main reasons for the non-uniform illumination profile was found to be 
misalignment of optical elements in the system.  These non-uniformities in the illumination profile of 
the module can lead to current cell mismatch which will influence the electrical performance of the 
system. 
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From the preliminary results it was noticed that the concentration factor on power was limited by 
some physical aspect in receiver 2.  This was investigated by making use of a simple parameter 
extraction programme to obtain a set of device parameters of the receiver.  It was found that high 
series resistance accompanied by high currents in receiver 2 lead to a limitation of the maximum 
power obtained from the receiver under concentrated illumination.  The high currents reached under 
concentrated illumination leads to an increase in the power loss due to resistive sources term         
which limits the maximum power obtained from the receiver. This indicated that new receivers were 
to be constructed to overcome this problem of power limitation from the PV receiver.  The second 
vertical receiver prototype was constructed and characterised using a similar methodology conducted 
for the first vertical receiver prototype.  From the results obtained it can be concluded that the second 
vertical receiver prototype showed a drastic improvement from the first vertical receiver prototype.  
The improvement is shown in the obtained illumination profile across the PV receiver surface when 
compared to the illumination profile compared to the first prototype.  The illumination profile of the 
second prototype obtained a much broader high intensity band across the receiver than that of the first 
prototype.  The concentration factor obtained was closer to the theoretical expected concentration 
level which indicates better alignment of optical elements as well as a decrease in optical losses.  
The 2D illumination profile obtained from the reflector element from the third vertical receiver 
prototype was found to contain minimum non-uniformities; these non-uniformities were created due 
to lensing effects from the facets as well as damage on the facet surface.  The contribution of each 
facet towards the total illumination profile was investigated and it was found that the model accurately 
indicated the contributions from each facet as well as the total concentration obtained.  The PV 
receivers were used in the evaluation of the vertical receiver LCPV prototype module.  The 3 cell 
string configuration yielded a concentration of 4.19 X on concentration.  The 4 cell string 
configuration obtained an increase of 4.19 X on short circuit current.  An increase of 4.20 X was 
obtained when using the 6 cell string configuration and a concentration factor of 4.26 X was obtained 
with the 8 cell string configuration.  A concentration factor of 4.61 X was expected on the geometry 
of the system, but this does not take into effect optical losses and non-uniformities leading to cell 
mismatch.  Receivers functioning at lower currents and higher voltages were found to be more 
suitable for LCPV application, because under concentration the current levels are lower reducing the 
effects of series resistance.  In receivers functioning at higher current and lower voltages the power 
obtained from the receiver is limited under concentration due to the effect of series resistance 
accompanied by the high currents.  
A second LCPV design was considered to compare to the vertical receiver LCPV module, this being 
the horizontal receiver LCPV module.  A horizontal receiver LCPV module was constructed from the 
model.  The optical subsystem resulted in an improved uniform illumination profile to the 
illumination profiles obtained from the vertical receiver LCPV module prototypes.  The illumination 
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profile was further investigated by considering the contribution from the left reflector as well as the 
right reflector.  The contribution of the left reflector was found to be 2.47 X where the right reflector 
contributed 2.46 X. Theoretically 2.65 X is expected on geometry.  The individual facet pairs were 
investigated to observe their contribution to the total illumination profile obtained.  
All the receivers were also used to evaluate the horizontal receiver LCPV module.  A geometrical 
concentration ratio of 5.3 X was expected.  The 3 cell string configuration yielded a concentration 
multiplication factor of 4.80 X, the 4 cell string configuration obtained 5.01 X, the 6 cell string 
configuration obtained 4.9 X and the 8 cell string configuration obtained 5.01 X.  The 8 cell string 
configuration showed the best performance in both LCPV modules prototypes (vertical receiver and 
horizontal receiver).  This configuration obtained the highest power and fill factor for both modules.  
When considering obtained concentration factor the from each module the horizontal receiver LCPV 
module appeared to be the more feasible design.  The horizontal geometrically have a concentration 
ratio of 5.3 X, experimentally 5.01 X was obtained.  The vertical receiver LCPV module had a 
geometrical concentration of 4.61 X, while experimentally the best concentration factor obtained was 
4.26 X.  
The 3, 4, 6 and 8 cell string configurations were tested under stressed operational conditions, using 
both concentrator modules (Horizontal LCPV module and vertical LCPV module).  Each receiver was 
exposed to 30 sun hours of operational conditions and I-V characteristics were obtained at every 5 sun 
hours to observe for any signs of degradation of the receivers.  This was done for both 30 sun hours in 
the third vertical receiver LCPV module and 30 sun hours in the first horizontal receiver LCPV 
module.  After 60 sun hours of exposure to stressed operational conditions the PV receivers did not 
show any sign of degradation due to high temperatures or any possible non-uniformities in the 
illumination profiles and maintained a constant electrical performance. 
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Chapter 6 
Summary and Conclusion 
The aim of this study was to design, construct and characterise a low concentrator photovoltaic 
module.  Before designing a LCPV module an investigation was required into the design factors that 
are of fundamental importance when designing a LCPV module.  During this study the importance of 
the optical and electrical subsystem was observed, as well as the effect the performance of these 
subsystems have on the final LCPV module.  Investigation of these subsystems led to the design and 
construction of various LCPV module prototypes.  
In chapter 1 the general concepts of CPV and LCPV were introduced accompanied by a background 
of previous research conducted which lead to the introduction of this study.  The history and the 
different technologies of CPV are explained in chapter 2.  This chapter also serves as an introduction 
to the necessary theory of concentrating sunlight on a PV receiver, these consist of concentration 
factor, various design shapes for LCPV systems and the issues that LCPV technologies are facing in 
the renewable energy market.  Before construction of a concentrator prototype could commence 3 
types of reflective material were tested.  The three materials were reflective Aluminium cladding 
material, Alanod Standard Miro and Alanod Miro Sun.  The material yielding the highest reflectivity 
in the 400nm to 1200nm wavelength range which corresponds to the spectral response of silicon, was 
selected as reflector material.  The reflective material that was selected was the Alanod Miro Sun due 
to it yielding the highest reflectivity of 95 %.  The fundamental importance of the uniformity of the 
illumination profile obtained from the optical subsystem is explained in this chapter as well as the 
effects of misalignment and lensing on the illumination profile. 
In chapter 3 the necessary design considerations were investigated when designing a LCPV module.  
After an investigation of these factors a facetted parabolic reflector was chosen to act as optical 
subsystem.  It was decided to implement 2 LCPV module designs, these being a vertical receiver 
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LCPV module design and a horizontal receiver LCPV module design.  Mathematical models were 
constructed for each of these designs, whereby various important parameters were analysed to obtain 
the optimal reflector and receiver sizes. A summary is given of the various constructed prototypes, 
giving the physical specifications of each of the prototypes. 
Chapter 4 aimed to introduce all the theory regarding the electrical subsystem.  This entails the 
photovoltaic effect, general operation of a solar cell, the performance parameters associated with a 
solar cell, effects of parasitic resistances and temperature and the influence of concentration on the 
electrical parameters of a solar cell.  The PV receivers used in the electrical characterisation of the 
LCPV prototype modules were also introduced accompanied by the respective one-sun I-V 
characteristics.  The data in this study were corrected to STC, to be able to do this the temperature 
coefficients were required.  The temperature coefficients were calculated using the 6 cell string 
configuration over an interval of 30° C – 80°C, for VOC it was found to be 2.11 mV/°C corresponding 
to the theoretical value of 2.3 mV/°C. 
The results obtained from the optical and electrical characterisation of the various prototypes are 
summarised in chapter 5.  The first vertical receiver LCPV module was characterised by investigating 
the illumination profile obtained from the reflector.  The results illustrated the important role that the 
optical configuration and alignment plays in the performance of a LCPV module.  Optical losses and 
misalignment of optical elements lead to a reduction in concentration levels and performance.  The 
fact that the prototype did not reach the expected concentration levels of 6 X (geometrical 
concentration) can be largely attributed to inaccuracies in the construction and optical losses of the 
faceted reflector.  Instead a concentration factor of 4.53 X on short-circuit current was obtained for 
receiver 1and 4.71 X for receiver 2.  These inaccuracies originate due to the difficulty in construction 
of a frame-structure for this design.  Non-uniformities will reduce the concentration level of irradiance 
obtained upon the receiver area.  It was noticed that receiver 2 could not reach high concentration 
factors on maximum power obtained from the receiver.  This was investigated by performing a 
parameter extraction from the I-V characteristics of receiver 2 accompanied by using an I-V 
simulation programme, which had a fundamental role in discovering the problem.  High series 
resistance accompanied by high currents in receiver 2 lead to a limitation in the maximum power 
obtained from the receiver under concentrated illumination.  These high currents under concentration 
drastically increase the power loss due to resistive sources        and this creates a decrease in the 
maximum power and fill factor obtained from the receiver.  
A second vertical receiver LCPV prototype was constructed to improve on the shortcomings of the 
first prototype.  The results from the optical characterisation showed an improvement in the 
uniformity of the illumination profile obtained from the reflector.  A broader high intensity band was 
found in the illumination profile to replace the narrow high intensity band that was found in the 
133 
 
illumination profile of the first prototype; however the uniformity of the illumination profile was not 
ideal.  The concentration factor obtained was closer to the theoretical expected concentration level 
which indicates better alignment of optical elements as well as a decrease in optical losses.  
A third vertical receiver LCPV prototype was constructed and the optical subsystem constructed for 
the vertical receiver design illustrated a complete validation of the theoretical model.  The  
illumination profile obtained from the reflector element was found to contain non-uniformities, these 
non-uniformities were created due to lensing effects from the facets as well as damage on the facet 
surface.  The contribution of each facet towards the total illumination profile was investigated and it 
was found to be accurate to the theoretical values that were expected.  The illumination profile 
obtained from the reflector is an improvement on the illumination profile obtained from the second 
vertical receiver LCPV prototype.  The 3 cell string configuration yielded a concentration of 4.19 X 
on short circuit-current. The 4 cell string configuration obtained an increase of 4.19 X on short circuit 
current. An increase of 4.20 X was obtained when using the 6 cell string configuration and a 
concentration factor of 4.26 X was obtained with the 8 cell string configuration.  A concentration 
factor of 4.61 X was expected on the geometry of the system, but this does not take into effect optical 
losses and non-uniformities leading to cell mismatch.  Receivers functioning at lower currents and 
higher voltages were found to be more suitable for LCPV application, because under concentration 
the current levels are lower reducing the effects of series resistance  
A horizontal receiver LCPV module was constructed from the model.  The optical subsystem resulted 
in an improved illumination profile to the illumination profiles obtained from the vertical receiver 
LCPV module prototypes.  Non-uniformities were present due to lensing effects on facets as well as 
protrusion on the facet surface.  The illumination profile was further investigated by considering the 
contribution from the left reflector as well as the right reflector.  The contribution of the left reflector 
was found to be 2.47 X where the right reflector contributed 2.46 X.  Theoretically 2.65 X was 
expected on geometry for each side.  The 3 cell string configuration yielded a concentration 
multiplication factor of 4.80 X, the 4 cell string configuration obtained 5.01 X, the 6 cell string 
configuration obtained 4.90 X and the 8 cell string configuration obtained 5.01 X.  The 8 cell string 
configuration showed the best performance in both LCPV modules prototypes (vertical receiver and 
horizontal receiver).  This configuration obtained the highest power and fill factor for both modules.  
This observation showed the ideal LCPV receiver to have characteristics of low currents and high 
voltage, such that the effect of series resistance can be optimised under concentration.  When 
considering obtained concentration factors from each module the horizontal receiver LCPV module 
appeared to be the more feasible design.  The horizontal receiver LCPV module geometrically had a 
concentration ratio of 5.30 X, experimentally 5.01 X was obtained.  The vertical receiver LCPV 
module had a geometrical concentration of 4.61 X, while experimentally the best concentration factor 
obtained was 4.26 X.  
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The long term testing illustrated the reliability of the modules and that after 60 sun hours of 
operational conditions there were no signs of thermal degradation in any of the tested receivers.  The 
study has illustrated the feasibility of LCPV modules and the two designs considered in this study act 
as a suitable replacement for the V-trough concentrator, improving on its shortcomings. 
 
The results obtained during this study illustrate the feasibility of LCPV technology and that 
appropriate designs can be implemented.  From the results it can be recommended that the horizontal 
receiver LCPV module was the most feasible of the two designs.  It obtained a higher output from the 
PV receivers that were tested in the prototypes as well as yielded better illumination profiles with 
respect to the uniformity. 
Future work following on this study can include some of the following topics: 
 
 A further improvement on the design of the optical system, looking at factors such as 
encapsulating the whole LCPV module to provide protection from the effects of dirt, rain etc. 
 The receivers that were created in this study did not consist of a lamination layer to act as a 
protection layer.  This is a factor that needs to be investigated and might improve the 
performance of these receivers. 
 Further investigation can be made into the use of specialised Silicon LCPV solar cells within 
the prototype modules. 
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Appendix A 
Mathematical Model Constructed for 
Vertical Receiver LCPV Design 
w = Input["Please enter the width of the reflector in mm:"]; 
h = Input["Please enter the height of the cells in mm:"]; 
alpha = Input["Please enter the angle through which the cells are tilted:"]; 
ystart = Input[ 
   "Please enter the height that the cells are situated above the \ 
horizontal:"]; 
 
space = w; 
counter = 1; 
yposition = h + ystart; 
refy = yposition; 
 
n = Ceiling[(w/h)] + 1; 
M = IdentityMatrix[n + 10]; 
xy = IdentityMatrix[n]; 
yplot = 0; 
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While[space >= 0,  
 If[counter == 1, {theta = 0.5 (Pi/2 - ArcTan[((h) + ystart)/(2*w)]),  
   mirrorlength = (h*Sin[(alpha*Pi/180) + 2*theta]/Sin[Pi/2 - theta]),  
   xcomp = mirrorlength*Sin[Pi/2 - theta],  
   mirrory = mirrorlength*Cos[Pi/2 - theta],  
   M[[counter, 3]] = yplot - 0.5 (mirrory),  
   M[[counter, 2]] = space - 0.5 (xcomp), M[[counter, 5]] = space;  
   M[[counter, 6]] = yplot; space = space - xcomp,  
   yposition = yposition + mirrory, yplot = yplot - mirrory,  
   Print["Mirror number", "   ", "Angle of Incidence", "   ",  
    "Length of Mirror"],  
   Print[{counter, "                 ", theta*(180/Pi), "           ",  
     mirrorlength}], M[[counter, 1]] = mirrorlength, ,  
   M[[counter, 4]] = theta, counter++}];  
 theta = 0.5 (ArcTan[(space + w)/yposition]);  
 mirrorlength = h*Sin[(alpha*Pi/180) + 2*theta]/Sin[Pi/2 - theta];  
 xcomp = mirrorlength*Sin[Pi/2 - theta];  
 mirrory = mirrorlength*Cos[Pi/2 - theta];  
 M[[counter, 2]] = space - 0.5 (xcomp);  
 M[[counter, 3]] = refy - 0.5 (mirrory); M[[counter, 4]] = theta;  
 M[[counter, 6]] = yplot; M[[counter, 5]] = space; yplot = yplot - mirrory;  
 space = space - xcomp; yposition = yposition + mirrory;  
 M[[counter, 1]] = mirrorlength;  
 If[space >= 0,  
  Print[{counter, "                 ", theta*(180/Pi), "           ",  
    mirrorlength}]]; counter++] 
space = space + xcomp; 
yplot = yplot + mirrory; 
waste = space; 
Conc = N[(w - space)/h]; 
Print[{"System has a geometrical concentration ratio of", Conc, "with ",  
  waste, "mm of wasted space."}] 
t = counter; 
For[i = 1, i <= t - 1, xy[[i, 1]] = M[[i, 5]], i++] 
For[j = 1, j <= t - 1, xy[[j, 2]] = M[[j, 6]], j++] 
xy[[1, 1]] = w; 
xy[[1, 2]] = 0; 
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xy[[t - 1, 1]] = space; 
xy[[t - 1, 2]] = yplot; 
Xco = Table[xy[[n, 1]], {n, 1, (t - 1), 1}]; 
Yco = Table[xy[[n, 2]], {n, 1, t - 1, 1}]; 
 
 
grad = -Tan[Pi/2 - 2*(M[[t - 2, 4]])]; 
Intercept = Yco[[t - 1]] - grad*Xco[[counter - 1]]; 
y = grad*(-w) + Intercept; 
If[y < 0, 
 ystart = -y + h - h*Cos[alpha*Pi/180]; 
 counter = 1; 
 space = w; 
 yposition = h + ystart; 
 yplot = 0; 
 While[space >= 0,  
   If[counter == 1, {theta = 0.5 (Pi/2 - ArcTan[(h + ystart)/(2*w)]),  
     mirrorlength = (h*Sin[(alpha*Pi/180) + 2*theta]/Sin[Pi/2 - theta]),  
     xcomp = mirrorlength*Sin[Pi/2 - theta],  
     mirrory = mirrorlength*Cos[Pi/2 - theta],  
     M[[counter, 3]] = yplot - 0.5 (mirrory),  
     M[[counter, 2]] = space - 0.5 (xcomp), M[[counter, 5]] = space;  
     M[[counter, 6]] = yplot; space = space - xcomp,  
     yposition = yposition + mirrory, yplot = yplot - mirrory,  
     Print["Mirror number", "   ", "Angle of Incidence", "   ",  
      "Length of Mirror"],  
     Print[{counter, "                 ", theta*(180/Pi), "           ",  
       mirrorlength}], M[[counter, 1]] = mirrorlength, ,  
     M[[counter, 4]] = theta, counter++}];  
   theta = 0.5 (ArcTan[(space + w)/yposition]);  
   mirrorlength = h*Sin[(alpha*Pi/180) + 2*theta]/Sin[Pi/2 - theta];  
   xcomp = mirrorlength*Sin[Pi/2 - theta];  
   mirrory = mirrorlength*Cos[Pi/2 - theta];  
   M[[counter, 2]] = space - 0.5 (xcomp);  
   M[[counter, 3]] = refy - 0.5 (mirrory); M[[counter, 4]] = theta;  
   M[[counter, 6]] = yplot; M[[counter, 5]] = space; yplot = yplot - mirrory;  
   space = space - xcomp; yposition = yposition + mirrory;  
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   M[[counter, 1]] = mirrorlength;  
   If[space >= 0,  
    Print[{counter, "                 ", theta*(180/Pi), "           ",  
      mirrorlength}]]; counter++] 
  space = space + xcomp; 
 yplot = yplot + mirrory; 
 waste = space; 
 Conc = N[(w - space)/h];] 
Print[{"System has a geometrical concentration ratio of", Conc, "with ",  
  waste, "mm of wasted space."}] 
 
For[i = 1, i <= t - 1, xy[[i, 1]] = M[[i, 5]], i++] 
For[j = 1, j <= t - 1, xy[[j, 2]] = M[[j, 6]], j++] 
xy[[1, 1]] = w; 
xy[[1, 2]] = 0; 
xy[[t - 1, 1]] = space; 
xy[[t - 1, 2]] = yplot; 
Xco = Table[xy[[n, 1]], {n, 1, (t - 1), 1}]; 
Yco = Table[xy[[n, 2]], {n, 1, t - 1, 1}]; 
XRsym = -Xco; 
X1 = List[N[-w - h*Sin[alpha*Pi/180]], -w]; 
Y1 = List[N[ystart + h - h*Cos[alpha*Pi/180]], h (Cos[alpha*Pi/180]) + ystart]; 
XCsym = -X1; 
ListLinePlot[{Transpose[{Xco, Yco}], Transpose[{X1, Y1}],  
  Transpose[{XRsym, Yco}], Transpose[{XCsym, Y1}]}, Frame -> True,  
 PlotLabel -> TraditionalForm[ "Preliminary Design"],  
 BaseStyle -> {FontWeight -> "Bold", FontSize -> 24},  
 AxesLabel -> {"Width (mm)", "Height (mm)"}, PlotMarkers -> Automatic,  
 PlotStyle -> Thick, PlotRange -> {{-w - 100, w + 100}, {-w - 100, w + 100}},  
 AspectRatio -> 1] 
Off[General::partw] 
Off[General::partw] 
 
reflectorcoef = 0.88; 
profile = 0; 
tel = 0; 
For[n = 1,  
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  n <= t -  
    2, {illum = ((M[[n, 1]]*Cos[M[[n, 4]]])/h)*0.88* 
     Cos[Abs[2 (M[[n, 4]]) + (alpha*Pi/180) - Pi/2]]; Print[illum];  
   profile = profile + illum; tel = tel + 1}; n++]; 
Plot[profile, {x, 0, h}, Filling -> Bottom, PlotStyle -> Thick,  
 PlotRange -> {{0, h + 40}, {0, Ceiling[Conc]}}, Frame -> True,  
 PlotLabel -> TraditionalForm["Ilumination Profile"],  
 BaseStyle -> {FontWeight -> "Bold", FontSize -> 24}] 
Print[profile] 
Print[tel] 
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Appendix B 
Mathematical Model Constructed for 
Horizontal Receiver LCPV Design 
wm = Input["Width of module (mm):"]; 
aa = Input["Active area:"]; 
nf = Input["Number of facets:"]; 
h = Input["Height of module:"]; 
xpos = 1/2 (wm); 
xref = aa + 0.5 (wm - aa); 
ypos = 0; 
M = ConstantArray[0, {nf, 4}]; 
xfac = 0; 
yfac = 0; 
P = ConstantArray[0, {nf + 1, 2}]; 
 
For[i = 1, i <= nf,  
 i++, {theta = 0.5*ArcTan[(xref + xfac)/(h - yfac)],  
  mirrorlength = aa*Sin[Pi/2 - 2*theta]/Sin[Pi/2 + theta],  
  xpos = xpos + mirrorlength*Cos[theta],  
  ypos = ypos + mirrorlength*Sin[theta], M[[i, 1]] = theta,  
  M[[i, 2]] = mirrorlength, M[[i, 3]] = xpos, M[[i, 4]] = ypos,  
  xfac = xfac + mirrorlength*Cos[theta],  
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  yfac = yfac + mirrorlength*Sin[theta],  
  Print[{i, "                 ", theta*(180/Pi), "           ",  
    mirrorlength}]}] 
 
For[k = 1, k <= i, k++, P[[k + 1, 1]] = M[[k, 3]]]; 
For[j = 1, j <= i, j++, P[[j + 1, 2]] = M[[j, 4]]]; 
P[[1, 1]] = 1/2 (wm); 
P[[1, 2]] = 0; 
Xco = Table[P[[n, 1]], {n, 1, (i), 1}]; 
Yco = Table[P[[n, 2]], {n, 1, i, 1}]; 
Xsym = -Xco; 
xy = ConstantArray[0, {2, 2}]; 
xy[[1, 2]] = h; 
xy[[2, 2]] = h; 
xy[[1, 1]] = -0.5*wm; 
xy[[2, 1]] = 0.5*wm; 
XR = Table[xy[[n, 1]], {n, 1, 2, 1}]; 
YR = Table[xy[[n, 2]], {n, 1, 2, 1}]; 
 
ListLinePlot[{Transpose[{Xco, Yco}], Transpose[{Xsym, Yco}],  
  Transpose[{XR, YR}]}, PlotMarkers -> Automatic] 
 
reflectorcoef = 0.88; 
profile = 0; 
tel = 0; 
 
For[n = 1,  
  n <= i -  
    1, {illum = ((M[[n, 2]]*Cos[M[[n, 1]]])/aa)*0.88*Cos[Abs[2 (M[[n, 1]])]];  
   profile = profile + 2*illum; tel = tel + 1}; n++]; 
Plot[profile, {x, 0, wm}, Filling -> Bottom, PlotStyle -> Thick,  
 PlotRange -> {{0, wm}, {0, 2*nf}}, Frame -> True,  
 PlotLabel -> TraditionalForm["Ilumination Profile"],  
 BaseStyle -> {FontWeight -> "Bold", FontSize -> 24}] 
Print[profile] 
Print[tel] 
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Appendix C 
Research Outputs  
 
Research presentations were given at the following conferences: 
 56th Annual Conference of the South African Institute of Physics (SAIP) - 2011 
 2nd Annual Centre for Renewable and Sustainable Energy Studies (CRSES) Student 
Symposium – 2011 
 1st Southern African Solar Energy Conference (SASEC) – 2012 
 57th Annual Conference of the South African Institute of Physics (SAIP) – 2012 
 3rd Annual Centre for Renewable and Sustainable Energy Studies (CRSES) Student 
Symposium – 2012 
 
Research papers submitted at: 
 2nd Annual Centre for Renewable and Sustainable Energy Studies (CRSES) Student 
Symposium – 2011 
 1st Southern African Solar Energy Conference (SASEC) – 2012 (This research paper was also 
submitted to Journal of Energy in Southern Africa) 
 57th Annual Conference of the South African Institute of Physics (SAIP) – 2012 
 
